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Formkote T50 and Deltaglaze 349M coatings were used to prevent the evolution

of hydrogen during the beta anneal and eutectoid decomposition treatment.
Although the hydrogen content was maintained, excessive oxygen pickup occurred
in the coated samples., Samples which were sealed in vacuum capsules during the
transformation showed no oxygen contamination and exhibited increases in tensile
strengths of = 100 MPa and decreases in creep rstes of an order-of-magnitude
over conventionally processed alloys. Despite their initial fine microstructure;
the hydrovac processed alloys did not exhibit improved superplastic fcrmability
and diffusion bondability because of rapid grain-growch at the forming/bonding
temperatures,

Small amounts of internal hydrogen greatly improve the SPF of the alloys.
Formability at 720-900°C was evaluated by an instrumented cone-forming test with
continuous monitoring of strain with time. Argon/1l¥ hydrogen and argon/«?
hydrogen gas mixtures were used for charging the alloys with hydrogen as well as
for superplastic forming. Hydrogen additions lower the beta-transus of alpha-
beta titanium alloys, and the proportions of the alpha and beta phases required
for optimum superplasticity can thus be obtained at lower temperatures in
hydrogen-modified alloys than in standard alloys. The increased amount of beta
phase in the hydrogen-modified titanium alloys increases diffusion rates and
reduces the grain growth rates at forming temperature, thus reducing the time-
dependent decrease in superplastic strain rate at a constant stress and the
increase in flow stress at constant strain rate. Processing parameters for
superplastic forming of Ti-6A1-4V and Ti-6A1-2Sn-4Zr~-2Mo using argou-hydrogen
gas mixtures were determined.

The evolution of hydrogen during forming improves the superplastic formability
to a lesser extent than when hydrogen is maintained in the samples. Diffusion
bondability is unaffected by either the presence or the evolution of intermal
hydrogen. Ti-6Al1-4V and Ti-6Al-2Sn-4Z2r-2Mo patels containing hydrogen were
formed into large trough shapes without degradation of final mechanical
properties after dehydrogenation.
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SECTION I
INTROOUCTION

Superplastic forming with concurreat diffusion bonding (SPF/DB8) has
emerged as a practical cosc- and material-saving method of titanium fab-

3 ~rication, and attention has begun to be focused oa improving SPF/uLB by E
optimizing the material and process paramataers. & recent Air Force :
sponsored rasearch program (Refereace 1) addressed the dependence of
; Ti-alloy superplasticity oan wmicrostructural and taxture variables as
‘ affected by variations in thermowechanical processing. The use of
ancillary adaicions to control superplastically favorable microstrug=-

tures in Ti alloys has rceceived little attentiom.

A systematic study of superplasciz formability of several alpha=heta

e ot MM

titanjum alloys (Reference 1) indicated that Ti alloys having lower

t beca-Ctransus temperatures and containing higher volume fractious of beca
phase required lower gas gressures and forming temperatures and exhib-
ited higher strain-rate sensitivies and forming rates. Because small

addicions of hydrogen to titanium alloys stabilize the beta phase and

produce a larger volume fraction of beta phase (Referance 2), the addi-
tion of hydrogen as a transient alloying addicion to Ti alloys offers a
nmechod to iamprove superplasticity of 71 alloys. The transient hydrogea

A e s -

can be subsequently removed by vacuum annealing.

Rec2nt phase-transformation studies in Ti-6al-4V-H alloys (Refar-
ences 3 and 4) iadicate yet another beneficial effect of anydrogen ia Ti.

An AFWAL-ML progrum iavestigating the effect of large concentrations of

P bragt w200 PSR

hydrogen on the hea: treatment and processability of Ti alloys has shown

FT TSP ITR R TR . AT T -

that uniquely fine microstructures can de produced by beta annealing Ti-

e e

bAl=-4V-14, transforming by eutectoid decomposition, and denydriding.
Such fine microstructures are conducive to increaased rocm-temperature

§trangth and ductilify and high-temperature creep resistance.

The results of a systematic study of the beneficial affects of
hydrogen on superplasticity and teasile and craep properties of Ti
alloys are presencted in this report. The aicrostructural cefivement and
property improvement 2ffactad by the heat tredtament of Ti alloys cun=-
taining nydrogen and the affects of ianternal aydrogen on the superplas- 1

tic forming and diffusion bonding of Ti alloys were detaramined.
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SECTION II
TECHNTICAL BACKGROUNY
l. PHASE TRANSFORMATION IN Ti-~H ALLOYS
Hydrogen combines readily with titanium and has a solubilicy in Ti

{ of up to b0 at.% at 600°C (1L10°F) (Figure 1), Hydrogen additions reduce
f
g the beta-transus temperature and stabilize the more-vpen body-centeced-

cubic phase of Ti. The equilibrium pressure-teuperature-concentration
X relacions in the Ti-H system shown in Figure 2 indicate that the Ti-H
- solid solution formed by annealing TL at ,00°C (1110°F) in a > 10 Pa
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1 Figure 1. Phase diagram for the Ti-H system,
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Figure 2. Equilibrium pressure-tempersture-conceniration
relations for the Ti-H system.

(7.5 x 1072 Torr) hydrogen acmosphera can be converted to hydrogen-frae

titanium by subsequent annealing in a vacuum of < 107% pa (7.5 x 1073
Torr). This reversiole process has deen used successfully to nroduce |
titanium powders by the hydride-dehydride (HDH) method (Refarence 5).
Although the HDH process i3 a standard method for producing titanium
powder, the implications of the method for producing fine microstruc-
tures were realizaed oaly recently (References 3, 4, and 6). Witn the
objective of utilizing the fine microstructure for property improvements
in Ti alloys, Kerr et al.. (Reference &) conducted 3 detailed study of
the phase transformations in Ti-6Al-4V-H systems and determined the
pnase boundaries as shown in Figure 3. Several 3igniiicant differences
ware nnted vecwean the Ti-d ana Ti~-0Al-4V-H gyscems, The addicion of
L.y wt% hydrogen decreased the beta :ransus temperature by only 200°¢
(360°F) in Ti-5Al=4V compared with a beta-transus temperature reduction T
af 550°C (990°F) in Ti. The eutectoid isotherm in Ti-6Al=4V was idenci- j
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fied to be = 800°C (1470°F), which is significantly higher than in Ti.
The time-temperature-transformation curves for Ti-6A1-4V-1.35 wtX hydro-

gen shown in Figure 4 indicate that the transformation is slow below

575°C (1065°F).

B T
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The standard heat-treatment cycle used to produce fine microstruc-

bt s

tures in Ti-alioys consists of hydrogen charging the alloy at 650-700°C
(1200~1290°F), beta annealing above 80U"C (l470°F) for -- 0.5 n,
transforming the beta-annealed alloy at = 600°¢C (1100°F) for 8 h, and

s S

dehydrogenating the alloy in a vacuum of 1072 Pa (7.5 x 1072 Torr) at

650=700°C (1200-1290°F). At the transformation temperature, hydrogea-

_ saturated beta phase decomposes isothermally to alpha phagse and titanium
i hydride with some retained beta, and upon dehydrogenation the hydride
transforms to alpha and beta. The heat-treatment process termed
"hydrovac" produces fine microstructures of the type shown in Tigures 5
and 6. The transformation temperature determines tne size and spacing
of the alpha and beta phases and the dehydrogenation temperature

determines subgrain size and dislocation density produced by the removal

| it s cmbiab ] s i i ;.m-.am‘ny - e
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Figure 4. Time-temperature-transformation curves for Ti-6AI-4V-1.J8H.

2f hydrogen. For example, if the dehvdrogenation is done at 650°¢C
(120C°F), the substructure consists of highly tangled dislocations
siamilar to those observed in cold-worked material (Figure ba). With ia-
creasing dehydrogena:ioﬁ temperature, increased recovery and polygoniza-
zion results in the formation of well~defined cells (Figures 6b and

oc). The fine subgrains resulting from hydrovac treatment increase the
matrix strength (ao) by acting as slip barriers. The overall tensile
vield-stress (av) resulting from the superposition of the macrix vield-~
stress and subgrain-strengthening contributions is given (Reference 7)

2 eal2,1/2
by J‘j [GO + (kA ] ]

, whera  ig a constant, N is the subgrain
size, and n has a value of 0.75-1.0. The subgrains significantly reduce
the dislocation pile-up length and iancrease the ductility. The
subyrains are affective in increasing the zreep resistance o2f the

allovs.
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Figure 5. Microstructures of Ti-6A1-4V-1.0H beta trested at 870°C, transformed at $90°C for
4 h, and dehydrogenated at (a) 630°C, (b) 708°C, and (c) 768°C.
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Figure 6. Transmission electron micrographs of Ti-6Al-4V-1.0H beta treated at $79°C,
trsusformed at $90°C for 4 h, and dehydrogenated at (a) 650°C, (b) 673°C, and

{c) 760°C.
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2. LEFFECT UF INTERNAL HYDROGEN ON SUPERPLASTIC FLRMING AND 7 IFFUSIUN
BONDING OF Ti ALLOYS

A pravious study has showan that the wost important microat™uctural -
variables affecting the superplasticity of titanium alloys ate grain-
siie, grain-shape, and volume-fractions of the constitueant phases at
texperature (Refe ence l). The best combinations of flow struss and
strain-rate sensitivity values for Ti<oAl-4V are obtained with optimum
amounts of beta phase (Figure 7).

All data on the superplasticicy of Ti alloys indicate that a fine-
grain wicrostructure and grala-growth retardatioa during forming ara
desiracle for improved superplasticity. The strain-rate dependences of
flow 3tress and strain-rate sensitivity of Ti-6Al-4V, Ti-8Al-1Mo-1V, and
Ti-3Al-2.5V, plotted for various ratios of the teut temperatura (T) to-
g

flow stress and sftrain-rate sensitivicy at a constant strain rate of

B

measure of the relative amounts of alpha and beta phasas present. The

the beta-transus tempecature (T.) in Figures 8 and 3, indicate thar the

different alpha-beta alloys are uniquely relaced to T/T_, wnich is a
effects of different compositioas and microstructural wodificaction) are
implicic in the T/TB catio of a specific alloy. For a fixed 1‘/’1‘6 ratic
and grain size, the logarithm of flow stress i3 the sawe function of the
logaritha of the strain-rate for all alloy cowpositions. Theraefore, by
lcwering the beia transus tewperature and minimiring the in-process
grain ygrowth, superplastic forming (SPF; and diffusion bonding (D3) can
be improved significaantly.

?revious efforts to ootain fine-grain microstructures in Ti alloys
have 'aen ov thermerechanical processing of the alloys, and few studias
nave addressad th2 proolem of nminimizing in-proc:ss grain growth, lower-
ing the beta trantus tempersture, and increasing the beta phase. The
effaciiveness of hydrogen additions to alpha-beta Ti alloys for lowering
the beta-transus temperature, controlling the alpha and beta phase pro-
portions, and producing fine transformation microstructures indicace a
potential for improving the superplastic formapility as well as che
creep resistance and rovm-tamperature tensile properties of Ti alloys.

The miceostructural modifications effacced by hydrogen additions to Ti
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decrease ths high=temperature flow stress and increase the strain-rate
sensicivity, boch of which are conducive to superplasticity. Further-
nore., bacause diffusion of TL and H 2re significantly higher {n the beta
phase than in che alpha phasa, hydrogen additions offar the possibility
of improving diftusion donding of Ti alloys. Kearns et al. {Refecence
d) demonstrated significant {mprovements in the supecplasticity of
Zircalloy=e with 0.08=0.3 wtX hydrogean additions. The hydrogen addi-
tions to Zircalloy—6¢ decreased the high-temperature flow stress and in-
creased the strain-vats at which strain rate sensitivities indicative of
superplasticity (3 » 0.3) wara obsearved. The improved supecrplasticity
in hydrogea=containing Zircalloy-4 was attributed to the prasence of
two-phase wicrostructures at Cewperatucres for which the hydrogen-frae
alloy is normally single. phasa.

Production of favorable alpha-beta proportions and consaquent SEF-DB
at lowar teuperatures has the sdvantages of increasad die life, shortar
forming and/or bonding time, decrsased temperatura=induced microstruc-
tural degradation, and increased part coumplexity. Furthermore, the
lattice=volume chanyges accompanying hydrogea ramoval from hydrogea=
charged Ti specimens offers a mechod of generating a high deasicy of
lattice defects and increasing strain accommodation during high-

temperature forming.

il

O T e




§ e i B S

T e

SECTION III
OBJECTIVES AND APBROACH

l. VBJEUTIVES

The geaneral objactive of the prograe on opiimum micrestructuces for
superplastic forming using hydrovac was to determine the axten: to which
the addition of large amounts, up to 1.0 wtX, of hydrogen can be usaed to
improve the tensile and creep propertias and superplastic formability or
diffusion bondability of titanium alloys by producing fine aicrostruc-
tures, raducing the foruming temperature and flow stress, and minimizing
microstructural changes during forming.

The specific objectives of this program were: (1) to charactcri:a
complately, in Ti-6Al-4V aad Ti-6Al-2Sn=-42r-10, the unigyue fine micro-
structures that caa be produced by hydrovac processing, (2) to charac-
terize the hydrovac-processed mdterial with resdpact to mechanical pro-
perties, including tensile charactaristics, fatigue crack growth, creep,
superplast’.c formability, and diffusion bondability, (3) to determine
the supaerplastic formability and diffusion pondability of Ti-6Al-4V and
Ti-641~2Sn-42Zr-2Mo coataining different amounts of internal hydrogen,
{(4) to detarmine whether the evolution 3f hydrogen duriag superplastic
foraing or diffusion bonding will permit lower temperatures, lower flow
strasses, and shorter cizes for superplastic forming or increased com~
plexity of superplasticity formed parts, and (5) to determine the effact
on final mechanical properties of superplastically-formed titanium

alloys aftar ramoval of the previous large concentrations of hydrogen.

2. PROGRAM PLAN

This prograa was organized into two phases. Phase [ was concerned
with producing, characterizing, and testing material in which the fine
microstructures were produced by hydrovac processing. Phase II was coa-
cerned with determining the superplastic forming and diffusion bonding
cnaractaristics of matarial that contains hydrogen., Figures 10 and 11

ara flow charts showing the scope of the program.

e

bl

vttt tand bt o 1




e A o b NS ames

Widmanstatten Equiaxed-a Ti-6Al-4V
Ti6Al4V Ti-6Al-2Sn-4Zs-2Mo

W 1
—
é d iaxed-at
3 Hydrovac Determine chemistry, Hy ro;il;‘:?:zcxd j
Widmanstatten chara~terize microstructure, H H
Ti-6Al-4V measure mechanical properties.® _ Hydrovac §
f Ti-6Al-2Sn-42r-2Mo !
H {
1 {
Superplasticaily form a :
. trough shape.
Measure 2nsile properties
—— —
, . . Superplastic testing:
! ?i:f;:é;onsob;n:stgs.gw.c Incremeniai strain-rate testing,
P=1.0, 1.5, 2.0 MPa, constant.-stress tesiing, :
preheat treatment 0, 0.4 h, T = 760, 803, 350. 9‘_’?'(:'
post-heat treatment 0, 9.4 h. € «0.001-0.00001 s~ ',
[

preheat treatment 0, 0.3 h.

1 1l

Characterize microstructure,
measure bond shear strength

Laboratory cone-torming tests

Ao

Mechanical properties

[
|

Tensile properues Smonth fatigue Notched fatigue| |[Creep proparties: Fatigue crack-
Ti-6Al-4V: T = 2%, 205, and 370°C; properties properties T=350. 435, 520,£00°C.| | growth rates
Ti-6Al-2Sn-4Zr-2Mo0: T = 28, 315, and 480°C. T=25°C. T=25°C. o =200, 300, 400 MPa. T =25*C.

e 1
’ Post<creep

tensile properties
Ta28°C.

. e

Figure 10. Flow chart showing scope of Phase ! of the program.
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Figure 11, Scope of Phase II of the program.

3. SELECTION OF ALLOYS

Ti=-0Al-4V and Ti-6Al-2Sn=-4Z2r-2Mo alloys were selected as representa-
tive of alpha + beta and near=-alpha titanium alloys, respectively. The
ailoys were procured from RMI Co., Lawrence aAviation Industries, Inc.,
and TIMET. Table 1 lists the supplier, lot numbers, and suppiiers’

chemical analyses of the alloys used in the present study.

Two microstructural variatioans of Ti-6Al-4V were evaluated tor the
production of fine microstructures by hydrovac processing: aquiaxed,
fine-grained microstructure and elongated, alpha-beta (Widmanstattern)

microstructure,

The conventionally processed Ti-6al-4V was rolled and mill annealed
at 787°C (1450°F) for 0N.25 h and air cooled to 25°C (77°F) to produce a
fine , equiaxed, alpha-plus-prior-beta microstructure, wnich is favorable
for superplastic forming. seta annealing at 10359C (18959F) for 0.5 h

toallowed by air-~cooling to 25°C (77°F) was used to produce a

14
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’ TABLE 1
CHEMICAL ANALYSES OF ALLOY LOTS
L. - T R T
Composition (wit?h)
Element Th6AL4V, Ti-6AL-4Y, Ti-6AL2Sa-4Zr-2Mo,
RMY heat LAI lot TIMET lot no.
30525907 955-6908 P68s3
i Al 6.0 6.08 5.9
v 4.0 4.06 -
Sn - - 2.0
Zr - - 42
Mo - - 2.0
c 0.02 0.04 0.012
N 0.012 0.022 0.004
Fe 0.17 0.16 0.07 :
Y <0.00$ <0.001 <0.00S !
o) 0.126 0.132 0.11 )
H 0.0043 0.0033 0.006 ]
Mn - - 0.00S ;
Si - : - 0.07 !

b s . —

wtdmansc;::en alpha-beta microstructure, which is unfavorable for super- ;
plastic forming. For convenience, the mill-annealed Ti-6Al=4V will be %
designated as equiaxed-g Ti-6Al-4V and the beta~annealad Ti-6Al-4V will i
be refarred to as Widmanstatten Ti-6Al-4V. 3

Ti-6A1-250-427-2Mo0 was given a duplex-annealing treatment consisting
of annealing at 900°C (1650°F) for 0.50 h, air cooling to 25°C (77°F),
reaanealing at 790°C (1450°F) for 0.25 h, and air cooling to 25°C
(77°1).

4. PRODUCTION OF TINE MICROSTRUCTURES #8Y YYDROVAC PROCESS ING

large alloy panels ware hydrovac processed at Oregon Metallurgical
Cocrporation (OREMET), and the small alloy specimens were hydrogen
charged at Air Force Wright Aeronautical laboratories and traasfocrmed
and aehydrogenated at MDKL. The sequence of sceps used in nydrovac prn-
cessing consisted of hydrogenation at 6350°C (12009F) of allov speciaens
to 1.0 % V.1 wt% aydrogen, neating the specimens above the autectoid

] tewmpacature (~ 310°¢ 11490°7)) ro oroduce an all-beta microstructure,
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trangforuing che beta-annealed alloys below ''.e eutactoid temperature to
produce closely spaced, fine, eutectold decomposition products, and
dehydrogenating the alloy in a vacuum of ~ 10-2 Pa (7.5 x 10"5 Torr)
(Referance 9).

Small specimens were hydrogenated in a stainless-steel tube,-75 mm
(3 in.) in diameter by 1.5 m (60 in.) long, sealed by flanges at both
ends, and mounted in a laboratory furnace. One flange had inlets for
the thermocouples and hydrogenating gas tubes, Specimens to be hydro-
genated were placed in an unsealed box made of Ti=-6Al-4V sheet, 0.42 mm
(.016 in.) thick. This box aided in uniformity of hvdrogen absorption
during the run and reduced the coatamination pick=up from the aydro=-
geanating gas. The box containing the specimens was placed in the work
zone at the center of the furnace where the temperature was uniform
within # 10°C {18°F) over a length of 250 mm (10 in.).

The furnace was evacuated and purged with argon three times, and
then heated to the hydrogenation temperature with an atmosphere of flow-
ing argon at a slight positive pressure in the tube. When the hydro-
genation tewmperature, 650°C (1200°F), was attained, a flow of hydrogea

was added to the argon stream and maintained for the hydrogenation Ctime.

The hydrogen content of the specimens was controlled by the time of
hydrogenation and the partial pressure of hydrogen. At the end of the
hydrogenation time, a third gas, ar + 4{ H, which is nonflammable but
represents a partial pressure of hydrogen in equilibrium with a signifi-
cant hydrogen content in Ti-6Al-4V (approximately J.6 wti at 650°C
(1200°F)), was added to the gas stream. Hydrogen and argon were then
shut off, and the outlet from the furnace was closed. A slight positive
pressure was mainctained and specimens were allowed to equilibrate for

1 h at temperature and then cooled slowly.

The Lydrogen content of specimens was determined by weighing speci-
mens before and after hydrogenation to the nearest 0.1 mgz. This method
ot analysis was verified by wvacuum fusion analysis on selected speci-
mens. After being analyzed for hydrogen, the samples were sealed in
evacuated quartz tubes for subsequent heat treatment. The encapsuldted

specimens were beta treated »y heating to 370°C {16U0°F) for 0.5 n. The

16
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specimens were then transferred to furnaces at 660-700°C (1220-1290°F)

tor eutectoid decomposition and air cooled to room temperature while
still sealed in the quartz tubes.

Aftey heat treatment, the specimens were removed from the quartz
tubes and dehydrogsnated in a vacuum furnace. The furnuce was avacuated
to < 7 x 1073 Pa (5 x 1073 Torr) bafore heating began. No hydrogaa
evolved below SC0°C (930°F). Above this temperature, hydrogen evolution

was usually at a rate that required by-passing the diffusioa pump until
sufficient hydrogen had been removed L: decrease the chambar pr=-sure to
7 Pa (5 x 1072 Torr). Dehydrogenztion continued until the chau-.r pres-

sure reached 7 x 10~3 Pa (5 x 10™3 Torzr). Vacuum fusioa analysis of

selected samples indicatad hydrogen coancentrations were < 10 ppa.

large-size panels were hydrovic processed by Oregoa Mscallurgical

!

i | Corporacion. Ten 250 x 375 mm (10 x 15 in.) panels wera suspended ‘

[ vertically in a 500-emm (20 in.) diameter cylindrical furnace chamber

: wnich has a hydrogen gas inlet at the top and outlec at the bottom. A !

i charging time or 72 h at 650°C (1200°F) yielded | wti nydrogen. 25 x i

% 25-mm (! x 1 in.) tabs from two cornare of each panel were aualyzed for

F aydrogen content by measuring the change in weight of hydrogen-charged

é samples and uncharzed control samplas upon vacuum aanealing at 950°C

| {1760°F) for 7 h. All samples formed a slight oxide film during
annealing, which the uncharged samples demonstrated to cesulc ia a

weight increase of approximately 0.08%. The weight changes of the

hydrided samples were corrected for this slight increase from the oxide
films. Vacuum extraction measurements by the 4CAIR Process Control
laboratory of vacuum—annealed hydrided samplas showed that the annealing
reduces the nydrogen level to less than 25 ppm. The results indicatad
that ldrge panels can be charged with requirsd amouats of hydrogen with
taasonabla reproducidbility. Appendix A describes further the prac:tical

aspects of hydrovac procassing om a production scale.

A key eleament i{n the hydrovac processing »f large panels was the
selection of a suitable protective coating for nydrogenatad panels for
subsequent beta annealing and autectoid decomposizion. The surface ;

cvating as well as the beta-annealing temperature w7as axtramely impor=-

!
]
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tant for maximiziag hydrogen retention and minimizing oxygen pick-up
during hydrovac processing. Formkote TS5V (E/M Lubricants Inc., P. U.
Box 2200, West lafayette, IN 47906), Deltaglaze 349M (Acheson Colloids
Cev, Po Oo Rox 288, Port Huron, MI) ,- and the naturally occurring surface

oxide film were evaluated as protective coatings. Heta annealings were
perforued at 310, 830, and 870°C (1490, 1525, and 1600°F) to determine
: the affect of beta-annealing temperature on oxjygen pick-up.

5« MICROSTRUCTURE AND PROPERTY CHARACTERIZATION OF HYDROVAC~PROCESSED
ALLOYS

The microstructures of hydrovac-processad alloys were determined by
opcﬁ:alimetallozraphy and scanning and transmission electron microscopy.
Tensile properties &t 25-482°C (77-900°F), creep properties at 350-600°C
(660-1110°F), and fatigue properties at 25°C (77°F) were determined.
. . Duplicate, rectangular, tansion-tast specimens that comply with ASTM
3tandard E8-78 were tested in the longitudinal orientation. Ti-6al-=4V

specizens were tested at room temperature, 205°C (400°F), and 371°C

L A A A o

AR L i

(700°F), and Ti-64l-2Sa=-64Zr-2o specimens were tested at room tempera-
ture, 315°C (600°F), and 482°C (900°F). All tensile tests wera per-
formed uader uniaxial tension at a constaat straln-rate of 0.0001 s~!.
The yield stress, ultimate tenslle stress, and total elongation were
determined. C(reep tasts were performed on duplicate specimens in the
longitudinal orieatation from 350 to 600°C (660-1110°F). At each test

: temperature, five creep stresses were applied progressively to a singla

specimen while the elongation was continuously monitored. The steady-
stdle creep rate (minimum creep rate) was calculated for each alloy/
temperature/stress coambination. The stress and temperature dependences

of the steady-state creep rate were estadlisned for each alloy studied.

fatigue crack-growth rates of the hydruvac-processad materials were
measured using standard compact-tension (CT) specimens oriented in the
long-trausverse (TL) direction. Fatigue tasts were parformed with
coustant-load-amplitude 4t room tewperature in ambient air using an
dutomated, closed-loop, hydraulically-actuated test system. Specinmen
desiyn and test procedures conformed to aSTM Standard £647. An

electrical-potential method was used to monitor crack growth. This

18




technique measures the aversge through-thickness crack length, and the
output from the potentiometer can be used in the tesc-svscem control
loop when appropriate. On-line data acquisicion, processing, and scor-
age was performed with a dedicataed PDP 11/04 minicomputec. Empirical
equations of {acigue crack-growch race, da/dN, as a function of stress-
intensity-factor range, AK, were derived from Che Cest vesults. The
fracture surfaces of cthe fatigue specimens were analyzed by SEM to char-
acterize pertinent metallurgical and microstructural features.

6. SUPERPLASTIC rUMMAS ILITY UETERMINAT ION

The superplastic formauility of the alloys was evaluated using the
cone-forming tescer shown in Figure 12. The cone-forming Cester enables
the cone depth and strain to bs =:easursd as the specimen is being supar-

plasticially formed.

LVDT unit

Thermocoupie leads

Upper ram
Sample
§ Lower ram

Ceramic rod =,

( Heating

.\L'_J
Y
— element
-
. 1 - oo
Furnace

— J/— Insulation
Gas supply ﬂj\

Thermocoupie
leads

Figure 12. Experimental arrangement for laboratory cone-forming tests.
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Applying the thin-membrane theory and assuming that the bulge shape
is hemispharical until the sample contacts the die walls, the biaxial
scress is given by

xP
o= (1)

where t 1s the membrane thickness, P is the applied pressure, and x is

the radius of curvature of the membrane. The strain {s given by
€= ln(t/co) (2)

where t, is the initial thickness. For a counical angle of 589, the
ratio of thickness to radius of curvature (t/x) is approximately con-
stant as the cone forms (Reference 1), and hence forming occurs at a

constant stress provided the pressure is maintained constant.

A8 explained in dppendix B, although the membrane thickness is small
relative to the radius of curvature, the biaxial stress varies by 6%
acrogs the thickness. Equation (1) ylelds the average blaxial strass
when the lnner asembrane radius is substituted for x. The straia-
recording linear variable differential transformer (LVDT) shown in
Figure 12 mneasures the Iinstantaneous strain rate as a function of time
at conscant stress by means of the relation between jtrain and cone
depth given in Appendix 8. Constant stress prevails only after the

sample coatacts the die wall (¢ = C.3 for the present geometry).

et ¢

As-received and hydrovac=-processed alloys were cone formed under
conditions generally used for superplastic forming ia practice. Incre-
mentdal-straln-rate, constant-stress, and constant-strain-rate tensile

tests (Reference lU) wsere performed to establisa the correspondence

between biaxial cone=forming tasts and uniaxial tensile tests,
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7. SUPERPLASTIC FORMING ANV VIFFUSION BONDING UF SPECIMENS CONTAINING
AND EVULVING HYDROGEN

The tachnical approach used for this task i3 outlined in Figure ll.
Alloys with hydrogean concsutrations of 0.01-0.1 wtl were investigated.
The coue-forming tester shown . Figure 12 was used to hydrogenate the
sample in situ, immediztely heat it to the desired superplastic~forming
teaperature, and perform the superplastic-forming operation.

In-situ hydrogen charging was accomplished by applying equal pres~
sures of a hydrogen-argon gas mixture to both sides of the sauwple disk.
The clamping force on the disk was moanitoved and adjusted to permit con-
trolled amounts of gas to escape, thus ensuring a continually fresh
supply of hydrogen at each surface. Hydrogen charging was performed for
2 h ac temperatures of 650-760°C (1200-1400°F) and at hydrogen partial
pressures of 400=4000 Pa (3-30 Torr). After hydrogen charging, the
hydrogen pressure was ctealeased from the conical=-die side of the sample,
and the pressure on the other side was increased to the desired level
for forming. Incermal hydrogen coacentrations were determined by mea-
suring the change in weaight of formed samples upon vacuun annealing at
950%C (1740°F) for &4 h.

For investigating the effect of hydrogen evolurion on formabilicy,
specimens wete charged with hydrogen in situ and formed in an inert
environoent. The effect of internal hydrogen on diffusion bonding of
Ti-alloys was invescigated by charging sasll panels to various anmocunts
of hydrogen, cutting the panels into 16 x 16 ms (0.6 x 0.6 in.) speci-
nens, necianically polishing the specimen surfaces om 400 grit paper,
and diffusion bonding the specimens in a aixture of Ar wich & wtX hydro-
gen at the desired temperature under an applied stress. Diffusion bond-
ing experiments were performed in a vacuum/inert-gas chamber equipped

with a furnace and a press.

B. SUPERPLASTIC FORMING OF TROUGH=-SHAPED SPECIMENS CONTAINING INTERNAL
HYDROGEN

Using ontimum superplastic forming parameters determined from cone

forming tests, large, 3753 x 200 mm (15 x 3 in.) panels were in=-situ
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/-l-mm diam, 8 holes

5 wt{ hydrogen zas mixture,.

were machined and tested for tensile properties.

performed using the die configuration showan in Figure 13.

charged and superplasticaliy formed into tough shapes using an Ar +

Superplaszic forming evaluation was

Upon

completion 9f forming, the toughs were dehydrogenated, and specimens

/
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Figure 13. Trough-shaped die used in (he superplasiic forming of large panels.
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SECTION IV
MICROSTRUCTURES, MECHANICAL PROPERTIES, AND SUPERPLASTIC
FORMAB ILITY OF UYDROVAC-PROCESSELD TITANIUM ALLGYS

le EFFECTS UF SURFACE CUOATINGS ON HYDROGEN WETENTION AND OXYGEN PICK-JP
Liv HYUROVAC=-PROCESSED Ti ALLOYS

A study was nmade of the effects of surface coatings on hydrogen
teteation and oxygen pick-up during hydrovac processing. Tables 2 and 3
list the retained hydrogen, carboa, and oxygen concentrations of
hydrovac=processed Ti=6al-=4V. dxygcn pick=up is excassive in all but
the vacuum ancapsulated specimens. Although Formkote and Daltagliaze
coatings are effective in retainiag hydrogen, the speciuens with thase
coatings had oxygen concentrations in excess of the maximum allowed
under speacification 9046H. The raesults were surprising since previous
use of these coacings on uncharged Ti-alloys annealed in air at tempeva=-
tures up to 1000°C (1830°F) did not rvesult in oxygen pick-up. Hardness
values of unchacvged Ti alloys coatad with Forumkote and Deltaglaze and
annealed ac 860°C (1580°F) for 0.5 h are listed in Table 4. The hard-
ness values are comparable to those of mill-processed, as—-raceived Ti-
64l-4V, and oxygen concentrations decermined frcm the calibration curve
for hardness as a function of oxygen conceantration shown in Figure 14

are well below the maximum allowable limics.

TABLE 2
EFFECTS OF SURFACE COATINGS ON HYDROGEN RETENTION IN Ti-6Al4V
CHARGED WITH HYDROGEN AT 630°C (1200°F), ANNEALED AT 870°C (1600°F) FOR
0.5h, AND COOLED TO 25°C (T7*F)

Surface treatment % hydrogen retained
Uncoated 79
Coated with Formkote TS50 93
Coated with Deltaglaze 349 98
Vacuum encapsulated 100

e -

s,

Y

B




T ot g T v e

TABLE )
CARBON AND OXYGEN CONCENTRATIONS OF SELECTED HYDROVAC-PRGCESSED
Ti-6Al-4V SAMPLES

Surface Beta annealing Oxygen Carbon
coating temperature congznluuon concentration
(°C °P) (wt®h) (wi%)
Formkote TS0 870 (1600) 0.35 -
Formkote TS0 870 (1600) 0.31 0.014
Formkote TS0 810 (1490) 0.19 0.613
Deltagiaze 349 870 (1600) 0.21 —_
Deltaglaze 349 830 (1526) 0.24 -
Uncoated 870 (1600) 0.28 -
Vacuum 870 (1600) 0.14 0.017

encapsujated

Y —— — ——— . — - — . —— .

Maximum allowable oxygen concentration in Ti-6Al-4V and Ti-6A1-25n-4Zr-2Mo alloy
is 0.2 wt%,

TABLE 4
ROCKWELL C HARDNESS YALUES OF UNCHARGED Ti-6Al-4V SAMPLES ANNEALED
AT 365°C FOR 0.5 h

Surface {restment Rockwell C hardness
Uncoated 35.5
Formkote T50 332
Deltaglaze 349 - 35.3
As:teceived (unannealed) 352

e —— —— —

These results clearly demonstrate that in the presence of hydrogen,
the coatings are ineffective barriers for oxygen diffusion into the
specimens. However, whereas the coatings readily permit oxygen pick=-up,
they are effective in preventing hydrogen loss from the j3pecimens. An
understanding of the synergistic effects on oxygen pick-up of hydrogen
and coating chemistry would require a detailed thermodynamic analysis
and a large number of well-controlled experiments, which were beyound the
scope of the present investigation. Reducing the beta-annealing tenper-
ature from 870°C (1600°F) to 810°C (1490°F) resulted in significant

24
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Figure 14. Effect of oxygen concentration on Rockweil C hardness vaines for
hydrovac-processed Ti-6A}4V,

dacrease in oxygen pick=-up in Ti-6Al-4V coated with Formkote TSO but did
aot praduce a significant decrease in oxygen pick-up in Deltaglaze-
coated Ti=-6Al-4V.

The results snown in Table 3 indicate that vacuum encapsulation of
specimeans is the best choice for heat treating hydrogen-charged Ti
alloys. Whereas this technique is well suited for small specimens, it
1s not cost effective for large panels. In the presant investigatiom,
all specimens for microstructure and mechanical property determinations
were hydrovac processed using vacuum encapsulation for preventing hydro-
3en loss. The results obtained from such specimeans are discussed in
this section. Because Deltaglaze coating and Formkote coating combined
with lower beta—annealinyg temperatuces rasulted in oxygen concentrations
close to the specification limits, selected property measurements were
made un alloy specimens that <ere hydrovac-processed using these
coatings and lower beta-aunealiag tempearaturas. These results are

preseanted in Appendix C.
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2. rICAUSTRUCTURES OF HYDROVAC-PROCESSED Ti=6Al~=4V AND
Ti-6Al=-250=44r=-2Mo

Figures 15a-15d are trausawission elactrou aicrographs showiay traas=-
foruatiou products in Ti-6Al=4V at various stages of hydrovac pro-
cessing. The coaventionally processed Ti-6Al=-4V has a partially reccy-
stallized alpha-buta wicrostructure (Figure l5a). Hydrogenativa at
665°C (1200°F) with 1.0 wtX hydrogen aad annealing at 870°C (1600°F)
produces a hydrogen=-saturated bata phase. Water quenching of this beta
phase produces a martensitic microstructure (Figure 15b). This marten-
site, identified by selected-arca electron diffraction to be urthorhou-~
bic martensite (a"), is significantly different from the hexagonal mar-
tensite observed in a + B alloys quenched from the beta field. The mar-
tensita plates are extensively twinned and contain large densities of
dislocations. Upon annealing the alloy below 310°C (1490°F), the
orthorhombic martensite transforms isothermally to a-Ti and Tin; the
size and spacings of the decomposition products increasing with increase
transformation temperature. Transformation at ~ 595°C (1105°F) results
in closely-spaced, fine, decomposition products (Figure 15¢). Upon de-
hydrogenation of the alloy containing a-Ti and Tiﬂz, the hydride phase
traasforms to @ + 8. This transformation is associated with the forma-
tion of a high dislocation density in the alpha phase, as the convarsion
of titanium hydride to a=Ti results in & = 172 volume change and concom~
mitant high strains. The dehydrogenated alloy contains a partially
recovered dislocation substructure and low-angle boundaries (Figure

15d).

The effects of dehydrogenation temperature on substructure formation
in Ti~6A1-4V-1.2 H alloy are shown in Figures léa-16d. Dehydrogenation
at 665°C (120C°F) results in partially recovered dislocation call struc-
ture, and the dislocation subgrains cvarsen with iancreasing dehydrogena-

tion temperature and tiwes.

The effect of the dehydrogenation temperature on tensile properties
was determined for equiaxed Ti-6Al-4V samples with the objective of
determining the dehydrogenation temperature that produces the best com~
pination of strength and ductility. The mechanical properties of

hydrovac-processed specimens dehydrogenated at 660 (1220) and 700°C
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Figure 15. Transmission electron micrographs showing the transformation products at various
stages of hydrovac processing: (a) conveationally processed Ti-6A1-4V; (b) hydrogen-
charged at 665°C, beta-annealed at 870°C for § h and water quenched; (c) hydrogen-
charged at 660°C, annealed at 870°C for 6.5 h, cooled to 595°C, and annealed at
595°C for 4 h; and (d) as in (¢) tullowed by dehydrogenatios: at 700°C for 6 h.
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Figure 16. Effect of dehydrogenation temperature on substructure formation ir Ti-6A1-4V-1.2H

beta snnesled at 870°C for 0.5 h, cooled to 595°C, transformed at -95°C for 4 h, and
dehydrogenated at (a) 665°C for 20 h, (b) 682°C for 20 h, (c) 705°C for 6 h, and

(d) 705°C for 20 h.
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(1260°F) and conveationally processed specimens are listed in Table 5
Both sets of samples show significant strength increases and ductility
losses. The hydrovac-processed specimens dehydrogenated at 660°C
(1220°F) have the highest strength; however, in view of production tem~
perature uncertainties and the anticipated brittleness arising from
dehydrogenation temperatures of 660°C (1200°F) or less, 675°C (1245°F)

was chosen for dehydrogenation,

Figures 17-19 are scanning electron micrographs of equiaxed-g
Ti-6A1-4V, Widmanstatten Ti-6Al-4V, and Ti~6Al-2Sn-4Zr-2Mo showing the
microstructural refinement caused by hydrovac processing. The
equliaxed-g Ti~H6A1-4V microstructure without hydrovac (Figure 17a) has an
average grain diameter uof 3 pm and is considerably refiued by hydrovac
processing to an average grain diameter of 0.5 pm. The Widmanstatten
Ti-6A1~4V microstructure (Figure 18a) fuitially has colonies of alpha-.
beta with each colony having a single alpha orientation. Hydrovac pro-
cessing results in consliderable refinement of the alpha yraing (Figure
ldb). Figure 1Ya shows the fine, 2~4 pum equiaxed~alpha + beta micro-
structure of the duplex-annealed Ti~6Al-2Sn~4Zr-2Mo. Figure 19b shows
that hydrovac processing reduces the grain size to 0.5 pm. Figures 20a-

20c are higher magnification scanning electron micrographs of the three

hydrovac—-processed alloys.

TABLE §
EFFECT OF DEHYDROGENATION TEMPERATURE ON MECHANICAL PROPERTIES
OF HYDROVAC-PROCESSED EQUIAXED-a Ti-6Al1-4V

———

Dehkydrogenation 0.2% yield Ultimate Total
temperature stress tensile stress  elongation

°C) {MPa (ksi)) IMPa (ksb)] (%)

700 1035 (150) 1090 (158) 8.3

700 1065 (154) 1095 (158) 7.2

660 1125 (163) 1155 (168) 4.3

660 1130 (164) 1153 (168) 5.3

Before hydrovac processing!d) 960 (139) 985 (143) 13.5

(a) Measurements were made by the alloy supplier.
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Figure 17. Scanning eleciron micrographs of equisxed-o Ti-6A1-4V (u) before and () after
hydrovac processing.

The crystallographic texture of the as-received and hydrovac-

processed alloys was characterized by determining by x-ray pole-figure
Equiaxed-a Ti-6A1-4V {

i gonlometry the basal and prism pole distributions.

: has a moderate degree of texture (texture sharpness of 7) with the basal
poles of strong texture components tilted 25-40° from the sheet normel

The hydrovac-processed alloy has the same moderate degree

(Figure 21a).
of texture with no tilting of the bagal poles from the sheet normal

The texture of Ti-6Al-2Sn~4Zr-2Mo (Figure 22) consists of

A e
PPN

(Figure 2lc).
one component with the [0001] direction tilted towards the transverse

direction from the rolling plane normal by ~ 60° and another component
with the basal pole tilted towards the rolling direction from the sheet

normal by ~ 30°.
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Figure 18. Scanning electron micrographs of Widemenstiitten Ti-6Al-4V (a) before and (b) after
hydrovac processing.
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Figure 19. Scameing electron micrographs of duplex-annealed Ti-6A1-288-4Zr-2Mo (8) before and :

(b) sfter hydrovac processing.
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(b) Widmaenstiitten Ti-6A1-4V, and () duplex-annealed TH-6A)-2Sn-42r-2Mo.
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Figure 21. (¢ ' 02), (b) (1010) pole figures of equiaxed-o Ti-6Al-4V, and (¢) (0002), (d) (1019)
32 . rigures of hydrovac-processed Ti-6Al-4YV.
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Figure 22. (2) (0002), (b) (1010) pole figures of duplex-annedied Ti-6A1-2Sn-4Zr-2Mo and
(¢) (6392), (d) (1010) pole fNgures of bydrovac-processed Ti-6Al-2Sa-4Zr-2Mo.
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3. TENSTILE AND CREEP PROPERTIES OF HYDKOVAC-PROCESSED Ti=-6Al-4V AND

Ti=6Al=25n=42r=2Mo

Tensile and creep properties were determined for hydrovac-processed

Ti~alloys using vacuum encapsulation for beta annealing and eutectoid

transformation.

The mechanical properties of the as-received an:i hydrovac=processed

alloys are listed in Tables 6 and 7.

Hydrovac-processed Ti-6A1-2S5n-4Zr-

2Mo was brittle at 25°C and fractured with negligible elongation. The

optimum dehydrogenation temperature for hydrovac processing Ti-6Al-2Sn-

Zr-2Mo is slightly higher than that for Ti-6Al-4V.

Figures 23-26 com—-

pare the temperature dependence of yield stress and ultimate tensile

stress of as~received and hydrovac=processed samples.

TABLE 6

TENSILE PROPERTIES OF AS-RECEIVED ALLOYS

In general,

Temperature 0.2% vield Ultimate Total
Alloy [ Cpe(°l~‘)] stress tensile stress clongation

{MPa (ksi)] (MPa (ksi)] (%)

959 (139)a) 985 (143X 13.5@
21 (70) 961 (139) 1000 (145} 12.8
964 (140) 1009 (146) 11.4
Equiaxed-a 205 (400) 717 (104) 816 (118) 11.8
Ti-6Al-4V 732 (106) 822 (119) 9.4
371 (700) 636 (92) 753 (109) 7.9
645 (93) 737 (107) 7.4
21 (70) 849 (123) 956 (139) 8.6
849 (123) 956 (139) 8.2
Widmanstitten 205 (400) 616 (89) 745 (108) 8.7
Ti-6Al-4V 658 (95) 763 (111) 7.8
506 (73) 622 (90) 7.7
371 (700) 544 (79) 641 (93) 8.6
550 (80) 633 (92) 7.8

924 (134)@ 1048 (152)® 13.00
21 (70) 936 (136) 1016 (147) 12.4
936 (136) 1017 (148) 12.6
Dupiex-annealed 315 (600) 645 (93) 824 (119) 11.2
Ti-6Al-2Sn-4Zr-2Mo 618 (90) 815(118) 9.4
482 (900) 586 (85) 774 (112) 14.0
622 (90) 779 (113) 16.0

(a) Measurements were made by the alloy supplier.
36

. .
Atk ekt - bkt ke el e 11




TENSILE PROPERTIES OF HYDROVAC-PROCESSED ALLOYS

TABLE 7

0.2% yield Ultimate Total
Alloy T?:nge(?;;n stress tensile stress elongation
(MPa (ksi)] [MPa (ksi)] (%)
21 (70 1065 (159) 1105 (161) 14.0
1060 (154) 1110 (161) 8.4
Equiaxed-« ~ 205 (400) 825 (119) 935 (139) 14.9
Ti-6Al-4V 835 (121 920 (133) 15.6
371 (700) 705 (102) 835 (121) 8.7
770 (111) 865 (129) 12.7
21 (70) -— 1140 (165) -
-— 1020 (147) -
Duplex-annealed 315 (600) 940 (136) 1025 (149) 9.0
Ti-6Al-2Sn-4Zr-2Mo 935 (139) 1035 (150) 10.8
482 (900) 790 (115 935 (136) 14.2
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Figure 23. Effect of temperaiure on the 0.2% yield stress of (¢ ) as-received and (2 ) hydrovac-
processed equiaxed-o Ti-6AlI-4V,
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Figure 24. Effect of temperature on the 0.2% yield stress of (o) as-received and (&) hydrovac-
processed duplex-annealed Ti-6Al-2Sn-4Zr-2Mo.

hydrovac processing increases the strengths by ~ 100 MPa (135 ksi) for
Ti=-6A1-4V and by nearly 20C MPa (29 ksi) for Ti-6Al-2Sn-42Zr-2Mo with no
loss in ductility. The strength increments are produced by fine sub-

grain structure.

Figures 27 and 28 show the stress dependences of steady-state creep
rates of conventionally-processed and hydrovac-processed Ti-6Al-4V and
Ti-6Al-28n=42Zr=-2Mo. Hydrovac processing reduces the creep rates by
approximately an order-of-magnitude at 600°C (1110°F) and 520°C (970°F)
and more than an order-of-magnitude at 435°C (815°F) and 350°C (660°F).
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Figure 27. Stress dependence of steady-state creep rate for equiaxed-< Ti-6Al-4V in as-received
condition (open symbols) and hydrovac condition (closed symbols) at
(&, 4)600°C, (o, @) 520°C, (o, ®) 435°C, and (7, v ) 350°C.

4. SUPERPLASTIC FURMING AND DIFFUSION BONDING OF HYDROVAC-PROCESSED ‘
Ti ALLOYS

The superplastic-forming and diffusion-bonding tests were conducted
on Ti-6Al-4V and Ti-6A1-2Sn-42r-2M> alloys hydrovac processed at Oregomn
Metallurgical Corporation using Formkote T50 coating and 810°C (1490°F)
beta annealing. The microstructural refinements produced by this pro-
cessing were similar to those produced by hydrovac processing of vacuum i
] encapsulated and 370°C (1600°F) beta-annealed specimens. Oxygen

concentrations in the alloys were » 0.19Y wt¥, close to the specification
t limit of Q.2 wtl,
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Figure 28, Stress dependence of steady-state creep rate for duplex-annealed 1i-6Al-2Sn-4Zr-2Mo
in as-received condition (open symbols) and hydrovac condition (closed symbols) at
(a,a)600°C. (0,0) 520°C, (c,®)435°C and (v, v) 350°C.

Conventinnally-processed and hydrovac-processed alloys were super-
plastically formed using the cone-forming tester described in Section
TII.6. The matrix of test condicilecms used in this part of the study is

shown in Table 8.

Figure 29 shows examples of equiaxed-g 1i-€Al-4V samples superplas-
tically formed at 900°C (1650°F) at stresses of 3.2-18.8 MPa (0.47-2.72
ksi). Figure 30 shows cross sectious of the equiaxed-a Ti~6Al-4V cones
4nd a Widmanstatten Ti-6A1-4V cone formed at 900°C (1650°F) and 13.8 MPa
{2.72 ksi). The equiaxed-a Ti~-€Al=-4V cones show uniform straining. The
Widmanstatten alloy, which has poor SPF properties, has extansive non-

uniform thinaing.
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TABLE 8

MATRIX OF SUPERPLASTIC-FORMING TESTS

———— ]
Stress Temperature (°C)

{MPa (ksi] 900 830 800 780 760 720
18.8 o, W,D o, W,D (54 (] o o
.72) aH aH,WH,DH aH aH aH aH
9.7 I o,D —_— - —_ —_
(1.40) aH aH
6.6 a,W.,D _ —_ _— —_ _—
(0.95)

3.2 o — —_ —_ — —
0.47)

a — Equiaxed-a Ti-6Al-4V

W — Widmanstitten Ti-6Al-4V

D — Duplex-annealed Ti-6Al-2Sn-4Zr-2Mo

aH — Hydrovac equiaxed-o Ti-6Al-4V

WH — Hydrovac Widmanstatten Ti-6Al-4V

DH — Hydrovac duplex-annealed Ti-6Al-2Sn-4Zr-2Mo

Figure 29,

Ti-6Al1-4V cones formed st 900°C and at
various pressures.
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Figure 30. Photographs of cross sections of cones suprrpiasticslly formed at 900°C; (a) Ti-6AL4V i
at 3.2 MPa (0.47 ksi), (b) T:-6A1-4V at 6.6 MPa (0.95 ksi), (¢) TH6A1-4Y at 9.7 MPa :

(1.40 kal), (d) TI-6AI-4V at 18.8 MPs (2.72 ki), and {¢) Widmanstitten TI-5A1-4V !

at 18.8 MFs (2.72 ksi). 3
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Figure 31 comparas the superplastic forming strain rates of coaven-
tionally-processed and hydrovac=-processed equiaxed-g Ti-6aAl-4V, Th=
hydrovac=-processed Ti-6A1=4V has slightly superior superplastic forme-=
bilicy properties above 800°C (1470°F). Tne micros:ructures of the
formed cones shown in Figure 32 indicate that above 800°C (1470°F),
grain growth in hydrovac-processed alloys is identical to that in the
as-received alloys, and below 800°C (1470°F), the grain size is con-
sidervably smaller and grain growth is slower in hydrovac~processed
alloys than in as-received Ti-b6Al-4V. However, because grain-boundary
sliding and ditfusion processes conducive o SPF are less dominant below
8U0°C (1470°F), the fine-grain microstructure of hydrovac—-processed
Ti-bAl-4V does not improve the superplasticity below 800°C (1470°F).
The slightly higher strain rate in hydrovac-processed Ti-6Al=-4V above

200°C (1470°F) results from a higher amount of beta phase.

.0 T m T T T

1.8 -
1.6 -
1.4 —
1.2 -
§ 1.0 -
7
0.8 -
0.6 -
0'4 . )
0.2 r —
0 2500 5000 TS00 10 00C 1L 500 5 000
Time (5)

Figure 31. Time dependence of strain rate of equiaxad-a Ti-6A}-4V superplastically formed at
18.8 MPa (2.72 ksi) and( ¢, ¢ 1900°C, (v, o ) 830°C, (®, 0 ) 800°C, (o, ¢ )
780°C, (®, ) 760°C. znd ‘a, a) 120°C. Closed symbols denote as-received
condition while open symbnis denote hydrovsc processing.
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Figure 32. Microstructures of equiaxed-x Th-6AL-IY and ¥ 'drovt -processed equisxed-a
TI-6AL4Y after conc orming at (s) 720°C, (b3 768°C. (¢) TM°C, (&) #N°C,

(e) 830°C, ard (1) 960°C.
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dydrovac processing has no beneficial effect on the superplaszicity
at 830°C (1525°f) of Widmenstatten Ti=6Al=4V (Figure 33) and Ti-6Al-2Sn-

1 42r-2Mo (Figure 34); =he strain rates are too low for practical

E applications.

To simulate the effect of diffusion bonding preceding superplastic ]

E forming, equiaxed-ag Ti-6Al1-4V and hydrovac-processed Ti-6Al=-4V were

E superplastically formed after exposure to 900°C (1650°F) for 4 h. The
results, shown in Figure 35, indicate that the grain growth occurring
during the soak time decreases the superplastic strain rates by the same
amount for each alloy. The increase in strain razes for strains > | for ' i
the heat-treated alloys is attributed to thin-out, which does not occur :

in cones formed with no prior hest-treatment. The thin-out is caused by

grain growth occurriag during the 900°C (1650°F) anneal.

W8T T T 7T
I 1.6 b= -~ '
|
| L4 p -
12 -
W l.o = e
£
: s
Z 08 -
0.6 -
041 =
; 0.2 -
0 | | | |

] 0 2500 5000 7500 10 000 12 500
Time (s)

Figure 33. Time dependence of strain of (e ) Widmanstiitten and ( o) hydrovac-processed
[ Widmanstitien Ti-6Al-4V superplastically formed at 330°C and 18.8 MPa (2.72 ksi).
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Figure 34. Time dependence of strain of ( ¢) duplex-annealed and ( o) hydrovac-processed
Ti-6A1-2Sn-4Zr-2Mo superpiastically formed at 830°C and 18.8 MPa (2.72 ksi).

Figures 36 and 37 are optical photomicrographs of interface regions
of specimens diffusion-bonded at 1.0 MPa (150 psi) for 3 h at 850°C
(1560°F) and at 1.3 MPa (200 psi) for 3 h at 900°C (1650°F). The as-
received and hydrovac-processed equiaxed—¢: Ti-6Al-4V exhibit better

bonding than the other allcys.

The effects on pore closure and grain growth of post-bonding heat
treatments were determined by annealing at 900°C (1650°F) for 5 h the
specimens that were diffusion-bonded at 850 and 900°C (156C and 1650°F).
The bonding of all alloys is improved by post-bonding heat treatment
(Figures 38 and 39), although the post-bonding heat treatment does not
result in closure of large pores formed due to high surface roughness of

hydrovac-processed specimens.
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Figure 35. Time dependence of strain of (¢, @ ) equiaxed-a Ti-6Al-4V and (2, a ) equinxed-«
hydrovac-processed Ti-6A1-4V superplastically formed at 900°C and 18.8 MPa (2.72
ksi) with no preheat-treatment (open symools) and with a 900°C, 4 h, preheat-
treatment (closed symbols).
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) The effect of surface roughness on bondability was also examined.
A Figures 40 ari 41 are optical micrographs of the interface regions of
i o specimens diffusion-bonded at 2.0 MPa (300 psi) for 3 h at 900°C

1 (1650°F). The hydrovac-processed equiaxed-g Ti-6Al-4¢V had inferior

2 s e

bonding properties than the as~received alloy; this result is due
] entirely to surface roughness since the interface whose surface was

polished (Figure 40c) bonded as well as the as-received alloy (Figure

4Va). The Ti=-oAl-2Sn-4Zlr-2Mo alloy did not bond well. Hydrovac pro-

Y cesging has no significant effect on the diffusion bondability of the

1 alloys.
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Figure 36. Photomicrographs of interface regions of specimens diffusion-bonded for 3 h at
850°C and 1.0 MPa (150 psi); (a) equiaxed-a Ti-6A1-4V, (b) hydrovac-processed ;

Ti-6Al-4V, and (c) duplex-annealed Ti-6Al->Sn-4Zr-2Mo.
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Figure 37. Photomicrographs of interface regions of spccimens diffusion-bonded for 3 h at
900°C and 1.3 MPa (200 psi); (n) equiaxed-&¢ Ti-6A1-4V, (b) hydrovac-processed
Ti-6Al-4V, (¢) duplex-annesaled Ti-6Al-2Sn-4Zr-2Mo, aad (d) hydrovac- processed

Ti-6A)-28n-4Zr-2Mo0.
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Photomicrographs of interface regions of specimens diffusion-bonded for 3 h gt
850°C and 1.0 MPa (150 psi) and annealed at 900°C for 5 h; (a) equiaxed-o
Ti-6A1-4V, (b) hydrovac-processed Ti-6A1-4V, (c) duplex-annealed Ti-6A1-25n.42¢-2M0,

and (d) hydrovac-processed Ti-6Al1-2Sn-4Zr-2Mo.
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Figure 39. Photomicrogrephs of intertace regions of specimens diffusivn-banded for 3 h at
900°C and 1.3 MPa (200 psi) and aunesled at 900°C for § b; (8) equiaxed-o¢
Ti-6Al-4V, (b) hydrovac-processed Ti-6Al-4V, (¢) duplex-annenled Ti-6A)-2Sn-4Zr-2Me,
snd (d) hydrovac-processed Ti-6Ak28n-4Zr-2Mo.
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Figure 40. Photomicrographs of interface regions of specimens diffusion-bonded for 3 h at
900°C aund 2.0 MPa (300 psi); (a) equiaxed-o¢ Ti-6AI-4V, (b) hydrovac-processed

Ti-6A1-4V, and (¢) polished, hydrovac-processed Ti-6Al-4V.
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SECTLION V
SUPERPLASTIC FORMING ANo JIFFUSION BONDING OF Ti-ALLOYS
CONTAINING INTERNAL HYDROGEN

1. EFFECTS OfF INTERNAL HYDKQGEN ON SPF/DB OF TITANIUM ALWLOYS

The instrumented cone-forming test apparatus shown in Figure 12 was
used to charge the specimens with hydrogen and determine the SPF piLoper-

ties of samples at differeut foruing parame:ers.

3 In-situ hydrogen charging for cone-forming tests was Accomplished hy
1 applyirg equal pressures of argon with l-=4 voi% hydrogen to both sides
of the sample disk., The clamping force on the di~k was monitored and
adjusted to permit controlied amcunts of gus to escape and thus 2ensure 4
fresh supply of hvdrugen at each surface. Generally, the desired hydro-
{ Jen concentration was obtained by heating at 760°C (1400°F) for 2.5 h at

‘ the appropriate hydrogen partial pressure [A400-4000 Pa (3-30 Torr)].

; For samples formed at temperatures less than 760°C {1400°F), charzing
was dene at the test tewmperavure, and the hydrogen partial pressure was
changed accordiagly. For tests where intermal hydrogen as maintained,
the pressure was released from one side c¢f the sample, and the pressure
on the other side was increased to the desired level for forming. The
superplastic formiag test then progressed as for uncharged specimens.
Internal hydrogen ccncentrations were determined by measuring the change
in weight of sectious of formed samples upon vacuum annealing at 950°¢C
(1740°F) for 4 h. Typical micragraphs (Figure 42) of cross sections of
water—quenched samples sh>w the hydrides to be uniformly distributed
throughout the bulk, thus indicating that the inner and outer surfaces

of the cones have the same hydrogen concentrations.

A PP T AT S R e

Photographs of cross sections of cones formed for 2 h at 760°C

; {1400°F) shown in Figure 43 illustrate the dramatic improvement in
forming caused by 0.1]l wt% hydrogen. The time dependences of superplas-
] tic strain rates of equiaxed-a Ti-6Al-4V containing different amounts of
nydrogen aand tested at 86U, 800, and 760°C (1580, 1470, and 1400°F) are
b shown in Figures 44-46 respectively. At 860°C (1580°F), samples con~

t taining iess than 0.38 wti hydrogen formed at a faster rate than the as=-

received alloy. Similarly, at 800°C (1470°F), samples containing less
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Figure 42. Cross sectioas of equisxed-a Ti-6Ai-4V cones containing (a) 0.34 and (b) 0.39 wt% :
hydrogen and supetplasticaily formed at 800°C and 18.8 MPa (2.72 ksi). ;
?

N o i

L] Figure 43. Cross sections of equiaxed-a Ti-6A1-4V cones superplastically formed at 760°C and
18.8 MPa (2.72 ksi) for 2 h () uncharged and (b) charged to 0.11 wt% hydrogen.
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Figure 44. Fifect of internal hydrogen of superplastic forming of equiaxed-a Ti-6Ai-aV at $50°C
rnd 13.8 MPe (2.72 ksi).

than U.08 wtl hydrogen formed at faster fates than as-recelved ovatec-
ials. At 7o0%C (140C”F), semples coaraining hydrogen conzeatvetiors 3¢
Uell CO U.4% wii formed faster tlwn the as-ruceived waterial. At che
thivee Cemperatuces, swmall amounts of hvdzagen (uswaliy < S.15H wei)

result in th2 best forming proprrties.

Figure 47 shows thie modification. in microstruztures dand superplastic
strain rates effected by hydrogen additions at 720-900°C (i320~1650°F).
The number associated with each date poiat reisrs to the ratio of thae
strain rate at that concencration and temperature diy-ded by the strain
rate of an as-receivad saaple at tha same temperature. Strain vates
were detar~ined from the slope of the strain/time plots by neglecting
the initidal rapid strain-rate tegion (wlinre stresses avs higher betause

the sample has not yeu madde tangential contact with the die) and any
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Figure 45. Effect of incernal hydrogen on superplastic forming of equiaxed-a i
Ti-€Al-4V at 800°C and 18.3 MPs (2,72 Lsi). !
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terminal increase irn strain rate caused by thin-out of the sample.

Samples 1o region A wery roramsd in the zlpths-~-beta region, while region B

is the beta region, Mdicrastructures of samples formed in region C are

N WIS

thos2 ¢t auterioid decouwpositiou products.

The results »f Figures 44-46 can be explained using the diagram of
Figure 47, All hydrogen~charged samples at 860°C (1580°F) (Figure 44)

B st

have a beta micvostructure durifig forming and failed at small strains
(< 1.4), whereas the uncharged alpha-beta sample attained much larger

strains. Samples barely in the beta region (0.23 - 0.38 wtZ H,) formed

S U S TS

at a faster rate because of the lower flow stress of B phase and slower

grain growch, but samples »f higher hydrogen content formed slower

because of excessive grain growth of the siangle phase relative to grain
growth in a + P phase fiald. Similarly ac 800°C (14709F) (Figurs 45), i
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Figure 46. Effect of internal hydrogen on superplastic forming of equiaxed-a
Ti-6Al-4V at 760°C and 18.8 MPa (2.72 ksi).

samples containing 0.07 and 0.24 wtX H formed faster with the latter
sample failing at a lower strain because of its beta microstructure.

Samples having greater amounts of hydrogen formed at slower rates

T T TRy T T

because of the resistance to sliding of the larger grains. At 760°C

i (1400°%), hydrogen provides improvements, with the improvements being

less when samples are our of the alpha-beta region.

The improvement in forming that can be obtained through hydrogen
additions is depicted in Figure 48, which shows the forming time
required to obtain a true strain of 1.25 for various temperature/
liydrogen-concentration combinations. For example, an uncharged sample
wust be formed at 870°C (1600°F) to reach a strain of 1.25 in 30 min,

: while samples containing 0.2 wtZ hydrogen will achieve the same strain
¢ in 30 min at 820°C (1510°F).
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Figure 48. Forming time required to achieve a true strain of 1.25 in equiaxed-a¢ Ti-6Al-4V for
temperature/ hydrogen-concentration combinations.

The time dependence of superplastic strain rates of Ti-6Al-2Sn-4Z2r-
2io coantaining different amounts of hydrogen and tested ac 900, 830, and
800°C (1650, 1525, aad 1470°F) are suown in Figures 49-51, respectively.
Inprovements are more dramatic than for Ti~-6Al-4V. For instance, at the
lower temperature of 800°C (1470°F), strains that could not be
approached for uncharged samples are easily achievable for low amounts
of hydrogen. Figure 32 illustrates this improvement in formability. At
$30°C (1525°F), the uncharged Ti-6Al-28n-42r-2Mo is not sufficiently
formaple for any practical applications, but the addition of J.l4 wtX
uydrogean permits strains of 2 to be obtained in less than 2 h. Figure
53 summarizes tile modifications in microstructures and SPF strdain rates
effected by hydroyen additioas for Ti-6Al-2Sn~4Zr-2Mo. At 330°C
(1525°F), for example, hydrugen concentrations of 0.06 and 0.14 wtX
cause large increases in strain rate. The photowicrographs show the
microstructure Lo be alpha-beta with little change in grain size but
with a large increase in volume fraction of the beta phase, as expected
from the decrease in the beta transus temperature. The sample contain-
ing V.41 wtik hydrogen is all beta phase; however, the grain size is much
larger, thus causing an overall decrease in strain rate. The dotted
line in Figure 53 separates the alpha-beta (A) from the beta (B)

regions.
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Figure 49, Effect of internal hydrogea on superpiastic forming of duplex-annealed Ti-6Al-25n-
4Z2r-2Mo at 900°C and 18.8 MPa (2.72 ksi).

The beneficial effects of hydrogen addizions on the superplastic
deformation of titanium alloys arise from the production of
superplastic-favorable alpha-beta proportinns at lower temperatures by
lowering the beta transus temperature. The beneficial effects on hot
workablility of lowering the beta transus temperature in hydrogen~
modified titanium alloys were previously identified by Birla and DePeire
(Reference 6), who demonstrated a 30-50X% reduction in flow stress during
isothermal forging at 730°C (1345°F) of Ti=6Al-2Sn-42r=-2Mo-0.4H.

To model the nizh-temperature deformation of a two-phase alloy in
taras of properties of the individual phases, the rule of mixtures gziven

by the following equations is used (References 11 and 12):
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Figure 50. Efiect of internal hydrogen om superplastic forming of dupiex-anneaied Ti-6Al-2Sn-
42r-2Mo at 830°C and 18.8 MPa (2.72 ksi).

= {
S sava+ Sﬁvﬁ (3)

for isostress conditions, and

€ = sava + eBVB (4)

for isostrain conditions, where S and ¢ are the overall flow stress and
strain of the two puase alloys, Va and V_ are the volume fractions of

8
alpna and beta phases, Sa and SB are the flow stresses of alpha and beta
phases, and € and EB are the strains in alpha and beta phases. For a

rigorous analysis of the superplastic behavior of two-phase Ti alloys in
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Figure 51. Effect of internal hydrogen on superplastic forming of duplex-annesled
Ti-6Al-25n-4Zr-2Mo at 800°C and 18.8 MPa (2.72 ksi).

(a) (b)

Figure 52. Cross sections of duplex-annented Ti-6A1-2Sn-4Zr-2Mo cones superplastically formed
at 830°C and 18.8 MPa (2.72 ksi) for 2 h (a) uncharged and (b) charged to 0.11 wi%

hydrogen,
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terms of Equations (3) and (4), the conscituctive equations relating the
alloys compositzion, grain size, and Ctexture to the temperature, s:irtain.
and strain-rate dependance of flow stress must be krown. The continuous
changzes in the alloy microstructure and phase composition with tempera-
ture and time should ba given proper consideracion im obtaining the con=
stitutive equations. Because such detailed constitutive eaquations are
not avalilable, the obsarved effects of hydrogen additions will be quali-
tatively rationalized on the bagis of the experimentally detarmined
relatica batween aetallurgical aand process parametars for two-phase
titanium alloys (References |l and 13).

The increase in superplastic strailn ratea with increasiang volume
fraction of beta phase observed ia the presant investigation agrees with
that predicted from Figure 8 when necessary corrections are made for the
cemperature <ffects ou superplastic strain ratas. At coastant jgrain
size and applied strass, the strain rate increases with increasing
amounts of beta phase. Becanse 4iffusion processes are dominant in
suparplastic deformation, increasing amounts of beta phase rvesult in an
increased superplastic strain rate because of higher diffusivities in
the beta phase (References 14 and 15). At high hydrogen concentrations
where the alloy is siangle-phase beta, although diffusivities are ccn-
siderably higher, the strain rates are not correspoadingiy higher ba-
cause of extensive ygrain growth. Thus, a large amount of beta phase is
required for higher strains, and a two-phasa wmicrosructure is required
for obtaining stable, fine—-grain microstructuras. Thus, although the
alloys P and Q in Figure 47 have higher initial strain rates, grain
growth is rapid and failureloccuts at small strains because these alloys

are single phase (Figures 43 and 44).

The effect of hydrogen chargzing on the superplasticity of hydrovac-
processed equiaxed-a Ti-6A1~4V was investigated. Figure 54 compares the
forming rates of uncaarged Ti-6Al-4V with hydrovac-processed Ti-6Al-4V
and as-received Ti-6Al-4V specimens exposed to the same temperatures and
times used in hydrogen chargiang. The properties of the hydrovac-
procassad Ti-6Al-4V are improved upon hydrogen additions, although to a

lesser extent than in the hydrogen-charged, aquiaxed-g Ti-6Al-4V.
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; Figure 54. Time dependence of strain of ( o) equiaxed-a¢ Ti-6Al-4V, ( ») hydrogen-charged
i Ti-6Al-4V, and (©) hydrogen-charged, hydrovac-processed Ti-6Al-4V superplasticaily

formed at 760°C and 18.8 MPa (2.72 ksi).

The feasibility of improving diffusion bonding of Ti-alloys by
hydrogen additions was investigated. 16 mm x 16 mm (0.6 x 0.6 in.)
specimens charged with 0.06-0.9 wtX hydrogen were used. The diffusion-
bonding procedure consisted of flushing the bonding chamber twice with

the Ar + &4 wti H, 3as mixture, evacuating the chamber with no applied

T et g e e

load on the samples to avoid entrapped zas, applying a load of 1.9 MPa
(275 psi), heating to 450°C (840°F) in vacuum to degas the system while
keeping the hydrogen in solution, bleeding in the Ar + 4 wtX Hz gas
mixture to atmospheric praessure, and heatinyg to the bonding temperature
which was maintained for 3.5 h.

¢ The samples to be bonded were placed on top of each other, with each

‘ palr separated by a sheet of Mo to prevent diffusion from sample to
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3ample. 105 Pa (760 Torr) of Ar + 4 wtl Hy i3 in equilibrium with 0.29
wtZ H, in the sample. Hence it is expected that samples initially
containing less than 0.292 Hy, will pick-up hydrogen during the bonding,
while samples initially containing > 0.29% Hy will lose some hydrogen.
Table 9 shows that the changes ia hydrogen conceantration occurriag
: during bonc.ay for two typical bonding tests are nagligible, and that
E the desirad uydrogen levels are maintained during bonding.
b TABLE 9
. CHANGES IN INTERNAL HYDROGEN CONCENTRATIONS
: - RESULTING FROM DIFFUSION BONDING TESTS
e e
‘E Alloy-bonding Initial H, Post-bonding H,
‘ tsmperature level level
. (°0O) (wt%h) (wt%)
' ¢ Equiaxed-a 0 0.04
Ti-6Al1-4V 0.17 0.13
800°C 0.31 0.31
0.90 0.77 i
: Dupicx-anneaied 0 0.03
Ti-6Al-2Sn-4Zr-2Mo 0.06 0.07 ‘
860°C 0.15 0.24 :
0.25 0.23 1

Figure 55 indicates the effect of internal hydrogen on bondability j
0« Ti-6Al-2Sn=4Zr-2Mo and equiaxed=-g Ti-6Al-4V at various temperatures
when a load of 1.9 4Pa (275 psi) is applied for 3.5 h and hydrogen is

T e T T e

maintained in solution. No noticeable improvement was observed.

- :
2. EFFECTS OF HYDROGEN EVOLUTION ON SPF/DB OF TITANIUM ALLOYS ?

TR

To investigate the possibility of utilizing the high deasity of lac~-

T WL,

tice defects generated during hydrogen evolutioa for increasing super-
plastic forming rates, samples were charged with hydrogen iand tuea

superplastically formed as uydrogen evolved.
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Figure 55. Percentage of bonded interface when (a) duplex-annealed Ti-6Al-256-4Zr-2Mo and
i (b) equiaxed-cx Ti-6Al-4V are exposed to a pressure of 1.9 MPa (275 psi) for 3.5 h
and hydrogen is maintained in solution.

Samples of Ti-6A1-4V and Ti-6Al-2S5n-4Zr-2Mo were charged to 0.45 wtX :
hydrogen and then heated in a mechanically pumped chamber at 300°C
(1470°F) for 2 h. The final hydrogen level was determined to be < 0.05
E | ati Hy, indicating that essentially all hydrogen evolved during the
: anneal. For cone-forming tests, samples were charged as described

earlier and formed using a pure argon supply rather than the hydrogen-

acvgon charging mixture to pressurize one side of the sample while evacu-

atirg the die side of the sample with a mechanical pump.

an ejuiaxed-g Ti-641-4V sample was charged to 0.15 wtX H, and then
1 formed as internal hydrogen was allowed to evolve. The formed part had

3 hydrogen concentration of 0.05 wtX, which indicates that 0.10 wt%

TSP O BN

3 hydrogen evolved during forming. The foruing rates of this sample are

compared with those of other samples charged to various amounts of
& hydrogen in Figure 36. The formability of the sample evolving hydrogen i
' is better than that of the uncharged specimen; however, the samples con- i

taining hydrogen have higher superplastic strain rates than the saample

evolving hydrogen.
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Figure 56. Effect of internal-hydrogen evolution on superplastic forming
of equisxed-a Ti-6Al-4V at 760°C and 18.8 MPa (2.72 ksi)

The effect of hydrogen evolution on bondability was iavestigated for
two different situations: 1) hydrogen allowed to evolve while the
samples are heated to the bonding temperature, and 2) hydrogen main-
tained in the sample until the bonding temperature is reached and then
allowed to evolve. In both conditions, the sample preparation and ini-
tial bonding procedures were the same as those used in tesgts in which
hydrogen was maintained in the sample during bonding. Hydrogen analysis
of the bonded specimens revealed that complete nydrogen evolution

occurred during the bonding operatiouns.

Figures 57 and 58 indicate the effects of nydrogen evoluton prior to
bonding and duriag bondinyg, respectively. Neither procedure improves

the boadability of the alloy.

&m‘,w‘-ﬁﬂ\‘xam‘.w. SO -

s i oM S5 st e 2 ik

[ TPPIR




-

(a)
880 T T T T
100

860 o— ©100 ©100 100 o—

840 +— —
s 15 015 050
< 820 |- .
s 985 030 095
= n—
§ 800 —
g 780T3 © 20 .
(5
w 760 4 | | ml
3 (b)
g 830, T T T ;

81081%° o100 o100 _

790 0 —

010 020 ©
776 159 15 | | 1
0 0.2 0.4 0.6 0.8 1.0

850
830

810
790
70
750

850
830

Bonding temperature (°C)

810

770
750

Internal-hydrogen concentration (wt%)

Figure 57. Percentage of bonded interface when (8) duplex-annealed Ti-6Al-2Sn-4Zr-2Mo and
(b) equiaxed-a Ti-6Al-4V are exposed to a pressurc of 1.9 MPa (275 psi) for 3.5 h
and hydrogen is allowed 10 evolve as samples are heated to bonding temperatures.
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then allowed to evolve,
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Figure 58. Percentage of bonded interface when () duplex-annealed Ti-6Al-2Sn-4Zr-2Mo and
(b) equiaxed-o Ti-6Al1-4V are exposed to a pressure of 1.9 MPa (275 psi) for 3.5 h
and hydrogen is maintained in solution until the bonding temperature is reached and
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SECTION VI
PROPERTIES OF SUPERPLASTICALLY FORMED Ti-ALLOY TROUGHS

Panels of Ti~6Al-4V and Ti-=6Al~-2Sn-4Zr=2Mo [400 x 400 mm (16 x 16
in.)] were nydrogen charged ia-situ and superplastically formed Lnto
trough~shaped dies. Inicially, equiaxed=g Ti-6Al-4V samples were

charged with hydrogen using the conditions decermined from the cone-

forming tests. The samples were formed under constant pressure, and the

preliminary tests were stopped prior to the panel toauching the bottom of

the die to eunable the actual strain rate to de compared with that deter-
mined from cone-forming tests.

Hydrogen levels were determined by measuring weight loss caused by
dehydrogenation of tabs cut from the formed parts. Table 10 lists the
forming temperature, desired hydrogen level, predicted strain, actual
hydrogen level, and actual strain for the first three tests.

Two troughs were formed in each test, thus accounting for the two

values of actual strain. The good agreement between desired and actual

strain for test 3 (uncharged) indicates the applicabiity of cone test

data to actual forming conditions. The low actual strains for tests 1

and 2 are attributed to the low hydrogen levels achieved. The trough

dies have a greater ratio of surface area to gas cavity volume than the
cone tester, and this difference is believed to be the cause of the

lower~-than—-expected amounts of internal hydrogen. Charging conditions

were altered to increase the amounts of intermal hydrogea in the suc=

TABLE 10
FORMING PARAMETERS AND ACTUAL STRAINS OF PRELIMINARY
TROUGH-FORMING TESTS ON EQUIAXED-a Ti-6Al-4V CONTAINING HYDROGEN

—

Forming Desired Actusl
« (°C) hydrogen ' h,drogen )
1 760 0.2 0.189 V.03 0.069, 0.067
2 800 0.1 0.163 0.01 0.069, 0.066
3 800 0 0.062 0 0.061, 0.059

e — — — ——————— — ——  — — —  —  — ————— ]
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ceeding panels. Table 11 lists the charging conditions and the result-

ing hydrogen concentrations and strains actually obtained.

The hydrogen levels attained in tests 7 and 8 were in the lower end
of tne acceptable range. Panel 9 was formed to completion using the
charging parameters of panel 8. Panel 9 was formed with an applied
stress of 26.2 MPa (3.8 xsi) until tne sample made coatact with the
trough (expected strain-rate is 3 x 10-“/3), and the stress was de-

creased to 8.8 MPa (2.7 ksi} to f£ill in the corners {expected strain-

rate is 1 x 10™%/s).

The equiaxed—-a Ti=-6Al-4V panel 9 formed to completion (¢ = 0.85 at
the corners) at 800°C (1470°F) and three views of the formed panel are
shown in Figure 59. The hydrogen concentration was determined to be
0.17 wtZ. From the final strain ottained and the duration of applied
stress, the strain rate was determined to be at least 1.85 times faster

than the expected strain rate for uncharged Ti-6Al-4V.

Ti-6Al=-2Sn~-42r-2Mo samples were charged with the conditions used in
forming panel 9 in an attempt to achieve hydrogen levels of approxi-
wately 0.2 wti., Table 12 lists the results of the first two charging
and forming attempts. Panel l] was stopped prematurely because of a

leak:. The attained hydrogen levels were less than the desired value.

TABLE 11
HYDROGEN CONCENTRATIONS OBTAINED IN EQUIAXED- Ti-6Al-4V
PANELS UNDER DIFFERENT CHARGING CONDITIONS AND
STRAIN ATTAINED WHEN FORMED INTO TROUGH.

Charging  Charging Charge % Hydrogen Hydrogen Actual Trough-

N::;" temperature time pressure in flow rate wt%o forming
' *+C) (h) (kPa)  gas mixture (L/h) hydrogen strain, ¢
1 760 2 1.03 1 140 0.03 0.068
2 760 2 0.34 1 140 0.01 0.068
3 No charging - merely a forming test of as-received specimen 0.060
4 760 2 0.34 5 140 0.0§ 0.054
5 720 2 1.38 b 140 0.05 0.052
6 720 2 1.38 5 140 0.04 0.061
7 540 4 1.38 5 140 0.10 0.089
8 640 4 1.38 L 140 0.0 0.081
74
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Figure 59. Three views of a hydrogen-charged Ti-6Al-4V panel (9) formed at 308°C.
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Panel 12 was charged under the same conditions as panel 11 and then
formed at a stress of 18.8 MPa (2.7 ksi) at a higher temperature of
$75°C. This panel formed to near-completion attaining a strain of 0.80
at the corners with a two-fold increase in forming rate over the
uncharged specimens. The hydrogen level was only 0.06 wtX, and a faster
rate would be anticipated if a higher hydrogen level were attained.
Figure 60 shows three views of the formed part. Sections of the through
bottoms of panels 9 and 12 were dehydrogenated at 675°C (1245°F) for
4 h. Table 13 compares the tensile properties of these sections with
those of the a -fabricated alloys and with panels formed from uncharged
alloys. The panels formed by hydrogen additions and dehydrogenated
after forming have strengths equal to the as~fabricated material and
slightly lower ductilities; however, the uniform elongations are compar-
able. Panels 9 and 12 have somewhat superior strengths than con-

ventionally formed panels, although they were not as ductile.

Figure 61 shows the microstructures of as~received, hydrogen-charged
and heated, and hydrogen-charged and superplastically formed Ti-6Al-2Sa-
6Zr-2Mo. The formed parts have coarser grains, possibly accounting for
the decreased ductility; grain growth appears to be straln rather than
temperature induced. Figure 62 shows the grain growth caused by straian

in superplastically formed, equiaxed-a Ti=-64Al-4V.

TABLE 12
FORMING PARAMETERS FOR PRELIMINARY TROUGH-FORMING TESTS ON
DUPLEX-ANNEALED Ti-6Al-2Sa-4Zr-2Mo CONTAINING HYDROGEN

—— — -

Panel Hydrogen Test Test o Strain
aumber temperature siress Strain, ¢ rate, €
(wt%) (°0) [MPa (ksi)] (sh

10 0.08 830 26.2 (3.8) 0.21 4.7 x 10°¢

11 0.06 830 34.5(5) 0.19 7.0 x 10°¢
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Figure 60. Three views of a hydrogen-charged Ti-6A1-2Sn-4Z¢r-2Mo panel (12) formed at 875°C,
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TABLE 13

COMPARISON OF MECHANICAL PROPERTIES OF AS-RECEIVED PANELS,
CONVENTIONALLY SUPERPLASTICALLY FORMED PANELS, AND
SUPERPLASTICALLY FORMED PANELS WITH INTERNAL HYDROGEN.

0.2% yield Ultimate Total Uniform
Alloy Condition strzss tensile stress elongation elongation
[(MPa (ksi)) (MPa (ksi)] (%) (%)
] As-received 961 (139) 1000 (145) 12.8 7.8
964 (140) 1009 (146) 11.4 7.6
Conventional 859 (125) 923 (134) 15.2 -
. superplastic 872 (126) 910 ¢132) 12.5 -
Equiaxed-o forming®
Ti-6Al-4V .
Superplastic 958 (139) 1005 (146) 7.0 59
forming with 938 (136) 986 (143) 7.9 6.2
internal
hydrogen
As-received 936 (136) 1016 (147) 12.4 7.8
936 (136) 1017 (148) 12.6 8.2
Conventional 925 (134) 987 (143) 12.5 —_
Duplex-annealed superplastic 935 (136) 997 (145) 11.8 -_—
Ti-6Al-2Sn-4Zr-2Mo forming(®
Superplastic 958 (139) 1007 (146) 10.2 6.7
forming with 936 (136) 986 (143) 7.3 4.6
internal
hydrogen
(a) Reference 1.
t
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Figure 61. Scanning electron micrographs of duplex-annealed Ti-6Al-2Sn-4Zr-2Mo used in the
forming of panel 12: (a) as-received; (b) uncharged, heated, but unformed; and
(c) hydrogen charged, heated, and formed to a true strain of 0.30.
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Figure 62. Scanning electron micrographs of equiaxed-a Ti-6Al-4V used in the forming of panel
9: (a) uncharged; heated, but unformed; and (b) hydrogen charged, heated, and
formed to a true strain of 0.85.
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SECTION VII
CONCLUSIONS

l. Uniquely fine microstructures can be obtained for laboratory=-type
specimens of Ti-6Al-4V and Ti-6Al=-2Sn=4Zr=2Mo by hydrovac processiag
using vacuum encapsulation for beta annealing and subsequent

transformacion.

2. In order for production-size panels to be processed, a protective’
coating must be used to preveat oxygen pick-up during the beta anneal;
the two coatings tested in this program, Formkote T50 and Deltaglaze

349 M, rasulted in oxygen concentrations above the specification limits.

3. The temperacture of the panels must be closely monitored because
variations of * 15°C during dehydrogenation are crucial; some care must
be used in handling the panels before dehydrogenation, although they are
not extremely brittle.

4 Cbrrectly processad hydrovac macterizls exhibit increases in room=

and elevated-temperature tensile strengths of over 100 MPa (15 ksi).

5. Hydrovac processed Ti-alloys exhibit decreases in creep rates of at
least an order-of-magnitude; superplastic-forming and diffusioun-bonding

properties are not improved by hydrovac processing.

6. Small amounts of intermal hydrogen decrease the beta transus temper-
ature of the alloys, increase the percentage of beta phase at the super-
plastic forming temperature, and increase the gsuperplastic strain rates.
7. Optimum amounts of hydrogen (~ 0.l wtZ) enable alloys %o be formed
at lower temperatures and Ti-6Al-2Sn-42r-2Mo to be formed into shapes

not possible at any temperature using conventional forming methods.

8. Large troughs having good mechanical integrity can be formed in

panels containing intermal hydrogen.
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9. Evolution of internal hydrogen during the forming cycle decreases g
E formability by raising the beta transus temperature; however, form- ]
ability is still better than for the as-received alloy.

10. The presence of internal hydrogen and the evolution of internal 3
hydrogen do not improve diffusion bondability.
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SECTION VIII
_ RECOMMENDATIONS

1. This investigatioa demonséracad that vacuum encapsulation of samples
enables fine hydrovac microstructures to be obtained without oxygen cono-
tamination. The feasibility and cost effecciveness of hydrovac pro-

cessing of large panels in evacuated metal jackets should be deteramined.

2. A systematic evaluation of different surface coatings should be con-
ducted with the objective of identifylng a coating that is an effeccive
barrier for oxygen diffusion ianto the s3pecimens at the beta-apbnealing

temperature.

3. A thermodynamic investigation of the synargistic effects of internal
nydrogen and coating chemistry is recommended for determining the ~ondi-
tions under which oxygen pick-up is minimal.

4, This investigation demonstrated that large parts can be superplasti-
cally formed at lower temperatures and in shorter times using ar argoc=
aydrogen gas wixture witih modifications to existing production setups.

A logical extension of this study would be to scale-up the process and
optimize the process parameters for the production by SPF/DB of large
parts on a routine basgis.
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SECTION IX
WEFORTS AND PUSLICATIONS RESULTING FROM THIS CONTRACT

R. J. lederich, J. E. 0'Neal, and S, M. L. Sastry, Optimum Micro=-
structures for Superplastic Forming Using Hydrovac, McDonnell
Douglas Report MDC Q0736 (15 March 198l), Interim Report, AFWAL
Contract No. F33615-80-C-5118.

R. J. laderich, S. M. L. Sastry, and J. E. O0’Neal, Optimum Micro-
structures for 3uperplastic Forming Using Hydrovac, McDonnell
Douglas Report MDC Q0753 (15 September 1982), Interim Report, AFWAL
Contract No. F33615-80-C-5118.

R. J. Lederich, S. M. L. Sastry, J. E. 0’Neal, and W. R. Kerr,
Influence of Hydrogen Additions on High-Temperature Superplasticity
of Titanium Alloys, in Advanced Processing Methods for Titaniam, ed.
by D. F, Hasson and C. F. Hamilton (Metallurgical Society of AIME,

Warrendale, PA, 1982), pp. 115-128.
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APPENDIX A. PRACTICAL ASPECTS OF HYDKOVAC PROCESS ING
ON A PROOUCTION SCALX

CKEMET hydrovac processsed 93 titaaium slloy panels, which wera divie
ded into five lots. The hydrogen levels obtained in each of tha panels
are shown in Figures A=l = A=5. Although the initial rsesulns were char-
acterized by ungven hydrogen discributions, the last two lots show that
with experience, the desired hydrogen concentrations can be obtained

routinely.

As desacrihed in Section IV, the two coatings studied (Formkote TS50
and Deltaglaze 349M) permitted excessive oxygen absorption to occur
during the beta anneal. Considering the inhereat temperarure uncertain-
tias and 3radients present in production to be % 20°C (35°F), a coating
protective fo 840°C (1545°F) musu be found.

Tha dehydrngenation temperaturs is extremely zritical. Since desir-
able tensile properties are obtained from 660 to 700°C (1200 to 1290°F),
succassful processing can occur if the uncerzaintias and gradients ina

temperature ara lass thaa = 20°C (359F).

OREMET reports that the hydrogen—ﬁharged samplas are aot unduly
bristie and that oaly ainor precautions are aecessary to pcavent panel
breakage. In fact, no panels were broken after the first lot. ALl
panels experienced slight warpage, which occurred because the panels
stood on a short edge. Hanglng the panels should alleviate cthis

problem.

In summary, correctly procassaed .anels can be produced if tempera~

turs gradients and uncertainties are less than % 20°C (35°F) and if a an

adequace protactive coating can be found.
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Figure A-1. Relative positions and fins! aydrogen concentrations of batch-1 panels after
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- APPENDIX 3. ANALYSES OF BIAXIAL-STRESS CONE FORMING

A3 described ia Section III.6, the cona-forming tesczer (Filgure 12)

enables the instantansous cona height to be monitored as the saaple

forms under constant-strass coaditions. Throughout the forming vpera-

tions, the part of the sample aot in contact with the die has a hemi-

spherical configuration. The biaxial stress, o(r), of a thick-walled

sphers subjectad to an intsrnal prassure P is

3,3 3
ar) = et 3 (3-1)
&7 - a%)

whara 4 i3 the inner cadius, b is the outar radius, and r i3 the radius

ac the location of the streses. Thus the biaxial stress varies with

rvadius, ranging from a minimum at the innar cadius,

3 3
q(g) = EQ’__*__L‘._) (3-2)
2,1 3.
(0” = a")
o A maximum 4t the Quter radius,
P (4a)
o(b) = T3 (8=3)
(o7 - a%)

For superplastic forming evaluacions, it is desirable to use a thin-wall
approximation, which yialds a stress bhatwaen g(a) and o(b).

for the cone jeometry employed in this cesting (see Figure 3-1), the
cone radius, R, is 27.4 mm (1.078 in.) and the coae angle, z, is 53°.

The area of thea spharical sagment at point of first contact is 2mwxd;
hance coastancy of volume yields the relacion

2
m{"tl =t 2rx(x = h)

(8=4)
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Figure B-1. Schematic cross-section of conical die.

From the cone geometry,

x= cos a/2

and

h = R tan q/2

Therefore,

{ 1 r !
— i - P R
t, 2 cos x/2 ‘cos a/?2 tan q/‘]

o

(B=5)

(8=6)

(8=7)
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4
= o —2— [1 = s a/2), (8-8)

2 cos” a/2

aad

: » . _1 - z -
i T, 1 + sin a/2 (3-9)

Hance for a/2 = 29°,

)
— e 1,347 (8-10)

I S L fauy

n

For aost samples of this scudy, ¢ = 2.54 m (0.100 in.); therafore
t; = 1.88 mm (0.074 in.). Additionally, b = x = R/cos a/2; therafore,
| at first contact with the conical die wall, b = 31.22 mm (1.229 in.) and
] a=b=tym. 29.36 om (l.155 ia.). Hance, the stress i3 o = 7.34 P at
the lanar radius and 7.34 P at tha outar radlus strass.

The thin=-wall approximation, i

Pr é
¢ = (B-11) i

utilizing the die radius of 27.4 mm (l1.078 in.) yilelds ¢ = 3.30 P,

T TR eIy [ TT epemmammmhm e o rrm o rommm e mmne o o e o

an uurealistically high valua. If the wembrane ianner radius is used in

Equation (B-11), the calculated strass i3 g = 7.73 2, a value within the
stress range calculated from the thick-wall relation, Equation (B=-l1).

Therafore, for a general sampla thickness, t,, the thin-wall stress

Al s bt sk sk rest o s

aquation was used in the form

¢ ¢ .= (8-12) |
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whetce

t e coll.367 (8=13)
and
to
The strain is given by
e = ln(:/co) (B=15)

The decrease in thickaess is the sum of that occurring bafore and after
tne sheet aakes coatact with the dia. From Equation (B-10Q), at wmoment
of contact, t = t°/1.347; therefore, € - 0.30 at that point. Thara-
aftar, ¢/r is a constant, as wAas demonstrated by Mackay et al. (Rafer-

ance (). Hence

de _dr (B=16)

From Figure B~l, v = (2 = ¢) tan a/2; therefore,

T L =-c (8=17)

and
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whete q, is the cone depth and q; 1s the cone depth whan conCact i3
tirst aude with the dia.

The tocal strain {s the sum of the two components:

L -q

| 2
¢ = + €, - 0.30 = 1n (I_:q_l) (B=19)

Figure B=2 shows the strain ratas at 900°C of equiaxed-g Ti-6Al-4?
as a function of time for different stress lavals. The decreasa in
strain rate as a function of time is attziduced to graia growth.

2.0 1 T 7T
18.8 MPa
1.8 T (2.72ksid

1.6 =
1.4

B 6.6 MPa i
Ll (0.95 ksi) _

w
§ 1.0 r-' -
A os liMPL
' (0.47 ksi)
0.6 -
0.4 -
0.2 -
ol N L
0 2500 5000 7500 10000 12500 15 000

Time (s)

Figure B-2, Time dependence of strain of equiaxed-a Ti-6Al-1V superplastically formed at 900°C
at the indicated stresses.
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: Figure B-3. Time dependence of strain of (4) equiaxed-o¢ Ti-6Al-4\’ and ( o ) dupiex-annealed
Ti-6Al-2Sn-4Zr-2Mo superplastically formed at 830°C and 18.8 MPa (2.72 ksi).

Figures B-3, B-4, and B-5 show the strain rates of the three az-received

R AL

alloys at three different combinations of stress and temperature. Ti-
: 5A1-2Sn-42r-2Mo has lower strain rates than equiaxed-a Ti-6A1-4V.

Constant-gtress tests using tensile specimens were conducted at

e b " Pamitia AP Nt e o

ATAT WIS e

various temperature/stress combinations, and the results were compared ;
: ; with those obtained from the cone-forming "ests. Figures B-6 and B-7 ‘
demonstrate that the agreement is good between the data obtained from
J ; the two tests at both 900 and 830°C (1650 and 1525°F). The differences j
: in the time dependences of strain rate at large strains between the

i tensile specimens and cone specimens are causad by the extension of

| tensile specimen gauge length beyond the uniform-temperature hot zone of

! l the furnace.
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Figure 8-4. Time dependerce strain of (o) equiaxed-a Ti-6Al-4V and ( a) dupiex-annealed
© Ti-6Al-2Sa-4Zr-2Mo superplasticaily formed at 900°C and 9.7 MPa (1.40 ksi).

Constant-strain-rate tests were al3o conducted at 830°C (1525°F)
using tensile specimens. 'As the specimens elongated, the crosshead
spead was increased incrementally so that the instantaneous straln-rate
was always wichin 2% of the nominal values. Figure 3-8 shows true-
strassg/true-straia plots of specimens ta2stad at five different strain
ractes. Also included in Figure B-8 are values obtained from the

coustaant-strass tastsa..
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Figure B-5. Time dependence strain of (4) equiaxed-a Ti-6Al-4V and (o, o ) dupilex-annealed
Ti-6A)-2Sn-4Zr-IMo superplastically formed at 900°C and 15.3 MPa (2.72 ksi). .
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Figure B-6. Time dependence of strain of equiaxed-a TI-6AL-4V superplasticaily formed at $0°C
and 13.8 MPa (2.72 ksi) as determined by ( &) tensile tests and ( o) cone~forming

tests.
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E Figure B-7. Time dependence of strain of equiaxed-a Ti-6AI-4V superplastically formed at 830°C
E and (46)31 MPa (4.5 ksi), (©) 28 MP2 (3.6 kai), ( », 0 ) 19 MPa (2.7 ksi), and

(& ,0) 10 MPa (1.4 ksi). Open symbois denote cone-forming messurements and
E closed symbois denote iensile-test messurements.
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tensile specimens deformed at a constant strain rate. The data points were obtained
from tensile specimens deformed umder constant-stress conditions and correspond to
the following straim rates: (o) 10~3/s, (& $x 10~4/s, ( v)2x 164/, () 10~4/s, and
(a) $%10°%/s.
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f APPENDIX C. MECHANICAL PROPERTIES UF ALLOYS HYDROVAC~PROCESSED ]
BY OREMET JSING FORMKOTE TSO COATING AND 810°C (1490°F) ]
BETA-ANNEALING TREATMENT
]
The tensile properties of the batch-l improperly hydrovac-processed 3
alloys were determined in the longitudinal orientation at room and i
r elevatad tsmperatures. Important mechanical properties are listed in
% Table C-l for the hydrovac-processed alloys. These improparly hydrovac- !
processed alloys had less than the desired amicrostructursl refinement s
and had oxygen concentrations of 0.19 wtX (a value significantly higher
than ia the mill-processed alloys). Therefores the properties of these ;
alloys are not represantative of optimally processed alloys. Figures C-
l = C=4 compare the temperaturs dependences of yield stress and ultimate
tensile strass of as-received and hydrovac-processad samples. Both ;
1 . properties ace improved slightly, by about 25 MPa (4 ksi), for Ti-6al- !
E 4V; however, these properties are dexraded for the hydrovac-processed
| Ti-6Al-2Sn-42r=-2Mo, particularly at higher temperatures. Some of the
low valuas fcr Ti-6Al-2Sn-42r-2Mo, as shown in Table C~]1, wera for 4
samples thet failed at extremely low strains. 1
TABLE C-1
TENSILE FROPERTIES OF OREMET BATCH-1 HYDROVAC-PROCESSED ALLOYS
;
[ Alloy T}?g.(?;.;" 0.2:::0::“ teﬂ?:::u elo::::on ?
'g (MPa (ksi)] (MPa (ksi)] (™)
21 (70) 972 (141) 1020 (14.8) 11.3
21 (70) 986 (143) 1048 (152) 7.4 i
Equiaxed- 205 (400) 758 (110) 848 (123) 11.5
t Ti-6Al-4V 205 (400) 752 (109) 841 (122) 9.5 i
; 371 (700) 625 (90.6) 724 (109) 9.6 3
'E 371 (700 671 (97.3) 779 (113) 9.2 3
| 21 (70) 303 (131) 945 (137) 0.8 j
21 (70) 945 (137) 1062 (154) 1.5 :
Duplex-annealed 315 (600) 690 (100) 779 (113) 3.5 1
Ti-6Al-2Sn-42r-2Mo 315 (600 669 (97 827 (120 12.2 ;
- 982 (900) 569 (82.5) 717 (104) 18.0
482 (900) 555 (80.9 710 (103) 10.2 i
i
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] 1. CREEP MEASUREMENTS

o Creap tests at 350, 435, 520, and 600°C (660, 815, 970, aud 1110°F)
vere performed on duplicate samples of improperly hydrovac-processed,
equiaxed=-qTi-6A1-4V and Ti-6A1-2Sn~4Zr-2Mo. Figures C-5 and C-6 show
the effects of hydrovac processing on the steady-state creep rates of
the alloys. The creep ratea of Ti-6Al-4V i3 reduced by one=third upon
hydrovac processing, but hydrovac processing does not improve the creep

resistance of Ti-6Al-2Sn-4Zr-2Mo. -
i
E' f
, " .
: 10 ~ 1 bl
; L - j
; 10-% - -_-J_4 ;
? - N :
_ - - H
: g we = |
i o — -
5
j s I ;‘
i 107 = = 3
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2 B 7 ]
E 1078 b= = |
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o =
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E 10- ] | 1 | [ 1
! 28 50 100 200 400 600 1000
;¢ Stress (MPa)
Figure C-$. Strass dependence of siendy-state creep rate for equiaxed-ar TI-6Al-4V in as-received
condition (open symbols) and OREMET baich-1 hydrovac condition (closed symbols)

at{a, 4)600°C, (0, ®)520°C, (3, 8) IS°C, and (7, v ) IS0°C,
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Figure C-6. Stress dependencs of steady-state creep rate for dupiex-sunenied Ti-6Al-2Sa-4Zr-2Mo
in as-received coundition (open symbols) and OREMET bdatch-1 hydrovac condition
{closed symbols) at (&, &) 600°C, (0, @) 520°C, (O, » ) 438°C, and (7, v ) JS0°C.
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2. FATIGUE CRACK-GROWTH=RATE MEASUREMENTS

Fatigue crack-growth rates of as-veceaived and improperly hydrovac=-
processed cquiaxed-g Ti-6A1-4V and Ti-6A1-2Sn=4Zr-2Mo0 alloys were
determined using compact=tension specimens orianted in the long-
transvarse direction. Specimen geometry and test proceduras coanformed
3 ' to ASTM Standard E647,

r

et s it it s s

] The fatigue crack=-growth ratas of duplicacae and triplicace samples

of the alloys shown {n FT{gures C-7 ~ C-lJ indicate a2 guod zaveoducibil-

ity of daca.
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Figure C-7. Fatigue-crack-growth rate of equiaxed-a Ti-6Al-4V at room temperature in ambient
air as determined by triplicate tests.
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Figure C-8. Fatiguescrack-growth rate of duplex-annenled Ti-6Al-2Sn-4Zr-2Mo st room
temperature in ambient air as determined Ly duplicate tests.
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Table C=2 lists the experiamentally detecrmined constants A and 8 of
the crack-growth-cate squation, da/dN = 1074 (AK)'. Hydcovac-processed
alloys are wmore susceptidle to crack yrowth as shown by the higher expo=
nents foc both equiaxed=a Ti~6Al=4V and Ti-6Al-28n-4Zr-2Mo. Reprasanta=-
tive fatigue crack=growth rates of as-received and hydrovac-processed
equiaxed-g Ti-64l-4V showm in Figure C=l1 clearly demonstrate that
hydrovac-procussed alloys are mote suscaptible to fatigue=crack
propagation.

Msasureaents asde during the crack-inictiactioa phase of the fatigue
ccack=growth test provide semi-~quantitative Lluformation about Srack-
fuiciaction susceptibility. The ainimum values of AR at which cracking
4ad obyervad electrically (Tabla C-3) iadicate that the hydravac-
processed alloys, particularly Ti-6Al-4V, are more resdlstant to crack
iaiciation.

Indications of fracture toughness, X, ware aobtained by stoppiang the
fatigue test before specimen failure and applying a slowly Lacreasiny
load. Although plane=-strain conditions were not satiifled, the K values
obtained ave useful for comparison bacause the thickness is tha same foe
all specimens. Table C-4 shows that hydrovac procesiing significantly

decraases the fractuce toughness of the alloys.

TABLE C2
FATIGUE-CRACK-GROWTH PARAMETERS FOR CONVENTIONAL AND HYDROVAC-
PROCESSED Ti-6Al4V AND TH-6Al-2Sa4Zr-2Mo'®

——— — ______ - ______ .~ — “— L

Alloy A B
Equiaxed-&¢ Ti-6Al-4V 8.79 2.84
Hydrovac-processed, equiaxed-at Ti-6Al-4V 9.94 3.9%
Duplex-anneaied Ti-6Al-2Sn-4Zz-2Mo 9.16 .18
Hydrovac-processed, dupiex, anneaied Ti-6Al-2Sn-42Zr-2Mo 12.00 5.4
Widmanstitten Ti-6Al-4V 9.27 3.01

= = ST T ST PR e

(a) Crack-growth rate, dasdN (cm/Hz) as a function of stress-intensity amplitude, AK
(MPa‘vm), is given by the relation da/dN = 10~ (JK)8.
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Figure C-11. Fatigue-crack-growth rates of (—) as-received and (— —) hydrovac-processed

equisxed-¢ TI-6Al-4V at room temperature in ambient air.

TABLE C.3

MINIMUM STRESS-INTENSITY AMPLITUDE VALUES (8Kna) FOR THE ONSET OF
CRACK GROWTH IN AS-RECEIVED AND HYDROVAC-PROCESSED Ti-6Al-4V AND

Ti-6Al-2Sn-4Zr-2Mo

Alloy

AKnia
(MPa Vm (ksi Vin.)

Equiaxed- Ti-6Al-4V
Hydrovac-processed, equiaxed-a Ti-6Al-4V

Duplex-annealed Ti-6Al-2Sn-4Zr-2Mo
Hydrovac-processed, duplex-anneaied Ti-6Al-25n-4Zr-2Mo

Widmanstdtten Ti-6Al-4V

e -~ — '_——_—-——-——————-——-——

-

20 (18), 19 (17, 19 (17)
21 (19), 25 (23), 25 (23)

18 (16), 17 (19)
19 (17), 20 (18), 20 (18)

20 (18), 201®) -

e e, b ] . e o
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TABLE C4 . .
: FRACTURE TOUGHNESS VALUES, K., DETERMINED FROM FATIGUE-CRACK-
: GROWTH-RATE TESTS OF AS-RECEIYED AND HYDROVAC-PROCESSED Ti-6Al-4V
i AND Ti-6Al-2Sn-4Zr-2Mo
o Alloy K

[MPs Vam (ksi Vin.)}

. Equiaxed-a Ti-6Al-4V 92 (84), 99 (90)
§ ! Hydrovac-processed, equiaxed-ct Ti-6Al-4V 55 (50), SO (45), 48 (44)
; : Duplex-annealed Ti-6Al-2Sn-4Zr-2Mo >62 (56), >70 (64)
’ rydrovac-processed, duplex-annealed Ti-6Al-2Sn-4Zr-2Mo 37 (34), 37 (39)
| Equiaxed-a Ti-6Al-4V 111 (101), 109 (99)
S
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